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ABSTRACT OF THE DISSERTATION
Development of Heterogeneous Catalysts for Signal Enhancements in Magnetic Resonance
Using Parahydrogen
by
Jeffrey McCormick
Doctor of Philosophy in Biochemistry, Structural and Molecular Biology
University of California, Los Angeles, 2018
Professor Louis-Serge Bouchard, Chair
Despite the incredible breadth of utility made possible by nuclear magnetic resonance (NMR)
from molecular structure determination to human imaging, the vast majority of its full
potential is never used. This is due to the fact that at physiological temperatures, even
inside state-of-the-art high field magnets, only a small percentage of possible nuclear spin
ensembles contribute to observable signal. The notably low tendency of these spins to align
with the static magnetic field, referred to as its polarization, limits achievable spectroscopic
image resolution in addition to necessitating costly scan time. Several techniques have been
developed to overcome this limitation by producing nuclear spin polarizations several orders
of magnitude above thermal equilibrium conditions, referred to as hyperpolarized states. One
promising and cost-efficient approach for generating hyperpolarized contrast agents useful
in medical imaging is a technique explored in this work known as parahydrogen-induced
polarization (PHIP). This technique involves using an isomer of H2 with highly ordered
spin order known as parahydrogen (para-H2) to introduce a hyperpolarized state into a
compound of interest such as a traceable metabolite by attaching para-H2 via hydrogenation
reaction. Careful optimization is required to prepare unsaturated precursor molecules which
hydrogenate into desired products and to ensure that para-H2 spin order is well-coordinated
such that hyperpolarization is observed.
Since PHIP’s initial observation over three decades ago, it has yet to develop into an
ii
established application for human imaging. The critical barriers to this have been predomi-
nant optimization in organic solvents and with homogeneous transition metal catalysts, both
of which creating toxicity concerns regarding injection of the hyperpolarized product solu-
tion into the patient. This work examines the development of heterogeneous nanoparticle
catalysts formed from catalytically robust metals such as Pt, Pd and Rh. These catalysts
are optimized for production of biologically relevant compounds by PHIP, allowing separa-
tion of the catalyst within the timeframe of hyperpolarized signals to produce pure aqueous
solutions for medical application. Because the enhanced signal of product 1H nuclei are typ-
ically undetectable within seconds, developments towards storing hyperpolarized 1H signals
generated by PHIP on adjacent, longer-lived nuclei such as 13C or 15N are of special inter-
est. We demonstrate the first heterogeneous PHIP catalyst optimized for aqueous solutions
generating 0.37% 1H polarization and detail the various insights and developments leading
to the high 15N polarization of a choline derivative at 12%. These results widen the scope of
PHIP probe strategies and significantly advance the possible application of PHIP in clinical
imaging.
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CHAPTER 1
Introduction
1.1 Principles of Nuclear Magnetic Resonance
Since its discovery and early development in the 1930’s and 40’s [RMK39,BHP46,PTP46], the
phenomenon of nuclear magnetic resonance (NMR) has become an invaluable analytical tool
for probing molecular structure and interactions with a remarkable breadth of environments.
It has been applied to evaluate structure and mechanisms in biology [FRB96,GPA17,SMS16],
physics [KTM17,Hol10,JGO13], medicine [KWR00,DSF06,LHK12], materials science [YS05,
HHH09], geology [SF89], quantum computing [CFH97], catalysis [MMN91, HW01, HM88],
food science [PGC15], art [BCP10], as well as emerging applications to this day. Detection
by magnetic resonance offers unique advantages in characterizing chemical systems in that
it is non-destructive, non-ionizing, and capable of penetrating optically opaque materials
such as 3D-printed polymers. These distinctions have contributed to its various applications
in generating three-dimensional images, most famously of the human body to investigate
structural and metabolic features in patients via magnetic resonance imaging (MRI). The
non-invasive nature of medical MRI has been well established as an indispensable clinical
tool, estimated to assist in hundreds of thousands of patient diagnoses each year. Despite its
immense diagnostic power, the primary limitation in NMR and MRI lies in its low sensitivity
restricted by the thermal physics governing its signal acquisition - the ability to generate
differences in nuclear spin populations at physiological temperatures. This limitation has led
to numerous advances and techniques in the medical imaging community ranging from ad-
vantageous pulse sequences to susceptibility-matched materials to design of molecular probes
providing valuable signal contrast upon patient injection, the last of which has motivated the
work described here. The introduction presented in this section is far from comprehensive,
but is intended instead to provide a brief overview of the magnetic resonance phenomenon
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and some context for a few of the principle mechanisms that this work encounters.
1.1.1 The Foundation of Magnetic Resonance
Fundamentally, magnetic resonance can be described as the physical phenomenon of an
atomic nucleus absorbing and emitting radiofrequency (RF) radiation. This is possible due
to the fact that all substances contain instances of magnetism, in the sense that they exhibit
magnetic moments typically designated as the term µ, and that the magnetic energy of this
substance is related to the interaction of this magnetic moment and a magnetic field (B) in
what is often described as the “fundamental theory of NMR”:
Emag = −µ ·B (1.1)
where a dot product relays that the magnetic energy is determined by the orientations
of the µ and B vectors relative to each other. The negative sign in this case indicates
that the lowest energy arises when the magnetic moment is parallel with the B field, often
referred to as “aligned” with it. Unrestricted motion causes objects to tend to align to
applied magnetic fields to adopt the lowest magnetic energy possible. On the atomic scale,
observable magnetism arises from orbital flow of electrons generating current in addition
to the intrinsic magnetic moments of the nuclei and electrons themselves. These intrinsic
magnet moments are fundamental properties possessed by these particles, regardless of their
history or environment. In substances where magnetic moments are induced only when
magnetic field is applied, the response of the material can be categorized as either attracting
the magnetic field towards it, referred to as paramagnetism, or resisting the magnetic field
and distorting it away from the material, known as diamagnetism. The majority of organic
and biological material used in NMR displays diamagnetic behavior.
One consequence of induced magnetic moments is their interaction with spin angular
momentum, another fundamental property of nuclei, simply by the proportionality constant
γ, referred as the gyromagnetic ratio. This constant describes the reponse of nuclear spins
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as magnetic moments are induced by application of magnetic field, which can have positive
or negative value. Positive γ nuclei, the more common scenario, indicates that spin angular
momentum is induced parellel to µ, where as negative γ spin is antiparralel. Typically the
magnitude is more closely considered, since it can be approximated as the “sensitivity” of
an NMR nucleus in question to a spectrometer magnet, but the sign has implications for
more complex scenarios such as interactions with protons during decoupling, observing the
Nuclear Overhauser Effect (NOE), and others. This is illustrated below in Figure 1.1 [Lev08].
Figure 1.1: Implications of γ for µ and spin angular momentum, S. Reprinted with permission
from Wiley [Lev08].
This is possible due to the fact that nuclei, as a result of their elementary components, also
possess intrinsic spin angular momentum, a property also independent of motion introduced
by the nuclear environment such as vibrations, rotations, etc. This angular momentum is
commonly referred to simply as “spin”, and can be visualized as charged spheres rotating
in space for reasonable approximations within NMR. This spin behavior, often denoted I in
the case of atomic nuclei, can occupy different sublevels determined by its spin, I. A nuclear
spin I nucleus possesses 2I +1 energy levels, where I is restricted to half-integer values...
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This process is possible due to the fact that nuclei possess inherent angular momen-
tum, leading to magnetic moments commonly referred to simply as ”spins”. While this
approximation to macroscale angular momentum is not complete, it satisfies a reasonable
approximation necessary for understanding the fundamentals of NMR. More information re-
garding the direction of this spin is derived from a second quantum number, M. M takes an
integer value from 2I + 1 as M = −I,−I + 1...+ I, and is often referred to as the azimuthal
quantum number. Without application of external magnetic field, each 2I+ 1 state with the
identical M values are said to be degenerate, meaning there is no energy difference between
them. Application of external magnetic field, however, prevents the degeneracy of these
2I + 1 states, separating them into discrete energy levels. This phenomenon is known as the
Zeeman effect, and the energy separating these M levels under application of magnetic field
is referred to as Zeeman splitting.
This spin is an inherent property, possessed by most atomic nuclei. This property is
derived from the composition of the nucleus itself: when the numbers of protons and neutrons
in the nucleus are both even, the ground state observed is I = 0, meaning no observable
spin. Examples of this include 12C, 16O, 56Fe, and others. However, if both proton and
neutron number are uneven, such as with 2H, 14N or 40K, the ground state nuclear spin
observed is an integer larger than 0 such as I = 4 for 40K. Particles with integer values of
I are referred to as “bosons”, and with fractional half-integers (i.e. I = 1/2) are referred
to as “fermions”. Ground state transitions must not be confused with exceptionally large
transitions between nuclear ground state and excited state, which is not typically considered
in routine spectroscopy. Nuclei with I > 1/2 are referred to as “quadrapolar nuclei” due
to large interactions they exhibit which are particularly important in solid state NMR, and
will not be discussed in great detail here. The concept of spin angular momentum exists in
other elementary particles as well such as electrons, which we will see can be harvested into
nuclear spin in Section 2.3. Table 1.1 lists the properties of common nuclei considered in
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Figure 1.2: Zeeman splitting of an I = 1/2 nucleus under external magnetic field.
organic synthesis and hyperpolarization.
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Nucleus Spin (I) Nat. Abundance M. Receptivity rel. to 1H γ (MHz T−1)
1H 1/2 99% 100% 42.58
3He 1 0.1% 44.2% -32.43
6Li 1 7.6% 0.85% 16.55
13C 1/2 1.1% 1.59% 10.71
15N 1/2 0.4% 0.10% -4.32
19F 1/2 100% 83.3% 40.05
29Si 1/2 4.7% 0.08% -8.47
89Y 1/2 100% 0.01% -2.10
107Ag 1/2 51.8% <0.01% 1.72
109Ag 1/2 48.2% 0.01% -1.99
129Xe 1/2 26.4% 2.16% -11.78
Table 1.1: Table of commonly used nuclei in hyperpolarization.
1.1.2 The NMR Measurement
A more accurate assessment of nuclear spin behavior, however, does not consider spins
aligning directly with an applied field, but rather “precessing” around the axis of the field’s
vector. One consequence of its angular momentum is the production of the fixed angled spin
cone produced around the field it experiences, often simplified to be either “up” or “down”
in the case of spin-1/2 nuclei. This provides an opportunity to manipuate a spin system
experimentally by applying a radiofrequency (RF) pulse along the Larmor frequency of the
relevant nucleus, a field-dependent parameter related to the nucleus’ γ value (expressed in
rad s−1) as:
ω0 = −γB0 (1.3)
or ν0 =
1
2pi
γB0 as a frequency in hertz (Hz). This is the same frequency which a single spin
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would be observed in an NMR spectrum without any further complicating interactions; the
frequency that it precesses around the external B0 field. References to Larmor frequency are
used often in NMR nomenclature, for instance a 1H placed into a 7 T magnet, a common
spectrometer frequency, will precess at (42.58 MHz T−1)(7 T) = 300 MHz, or 300 million
revolutions per second. This manifests in describing the spectrometer as a “300 MHz”
spectrometer as an homage to the functioning 1H frequency. This also means that due to
the positive γ of the 1H nucleus, the pulse frequency is set to ∼= -300 MHz. The Larmor
frequency has an associated sign making it negative for positive γ nuclei and vice versa.
Positive γ nuclei can be visualized as rotating in the direction of curling fingers when the
z-axis (the external B0 field axis) is gripped with the right hand and the thumb facing up
(in other words, “along positive z”, where the positive z-axis is defined as along the B0 field
by convention). For negative γ nuclei where µ is aligned against B0, the precession of the
nucleus would be opposite of the “right hand rule” and Larmor frequencies would then be
positive.
Because the static B0 field applied by the superconducting magnet of the spectrometer
cannot be changed quickly or safely during the timeframe of an experiment, the detection
of magnetic resonance once a sample is equilibrated inside the spectrometer and spins have
aligned must be assessed another way. This is the utility of the Larmor frequency, that by
simple application of RF at a frequency on or very near the ω of the relevant nucleus, causes
a robust rotation of this magnetization vector from the initial z-axis onto some component
of the xy-plane. This is readily achievable by simply mounting a small coil along the xy-
plane axis. The application of an RF pulse for a duration on the order of 10 µs is usually
sufficient to tip this magnetization. Then, the result of this tipped vector of nuclear spins
onto the xy-plane induces a current in this same mounted coil, not unlike rotating a bulk
bar magnet inside of a tabletop coil. The NMR signal is obtained through plotting of
this current over time as the magnetization is tipped onto the xy-plane and slowly fading
due to relaxation properties discussed in Sec 1.4. A simplified schematic of this setup is
shown in Figure 1.3 [Kee02]. This raw measurement of induced current - referred to as
“free induction decay (FID)” - is plotted after amplification through spectrometer hardware,
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and then manipulated by software for analysis. The types of pulses applied in routine and
hyperpolarized NMR, and the manipulations they entail, are discussed further throughout
later sections.
Figure 1.3: A mounted coil around the xy-plane (only one along the x-axis shown) allows de-
tection of magnetization tipped from the z-axis following an appropriate RF pulse.Reprinted
with permission from Wiley [Kee02].
While much important work has been done in solid state NMR, even within the discipline
of hyperpolarization, the scope of this work is largely focused on liquid state NMR due to
emphasis on biological application with occasional explanations of gas-phase experiments
within the context of PHIP’s history. Solution NMR is also the most common approach
in routine organic synthesis, largely due to simplicity of preparation as well as the NMR
measurement itself. Liquids are generally dense materials which also fill the shapes of their
containers and display a high mobility of individual molecules. This means that there is a
high probability of dispersion of analytes dissolved, at least in the scenario of isotopic liq-
uids most common to NMR spectroscopy, and that these analytes adapt highly randomized
orientations and movements as they diffuse and rotate through the liquid. Two major types
of mobility, translation molecular mobility and rotational molecular mobility shown in Fig-
ure 1.4 [Lev08], are primarily responsible for randomizing these orientations. This turns out
to have significant impact on NMR measurements, as this randomization tends to average
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out various types of interactions between nuclear spins such as dipolar interactions, enabling
more highly resolved spectral features and simpler analysis.
Figure 1.4: Depiction of a) translational and b) rotational mobility exhibited equally in
isotopic liquids. Reprinted with permission from Wiley [Lev08].
Gases generally display high mobility as well, but their low density and uncommon matter
state for biological materials make direct measurements by NMR less common outside of
specialized applications, such as 129Xe and 3H lung imaging.
1.2 Chemical Shift
One of the most useful properties of magnetic resonance measurements is the unique and
systematic shift in resonance caused by the environment experienced by the probed nucleus.
A nucleus undergoing various interactions with other nuclei or electron densities will cause
spectral shifts which can be used as diagnostic signatures or help to narrow regions of RF
excitation to assist in forming images. This is routinely used in reaction monitoring to
discern products from reactants, assess compound purity, identify unknown components,
calibrate hardware temperature, assign structural signatures to complex analytes such as
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intact proteins, and many other useful applications.
Precession frequencies depend on the nucleus and its inherent properties in addition
to its electronic and molecular environment. The electron distribution surrounding each
spin undergoes different degrees of shielding (σ) relative to the external magnetic field (B0)
which changes the local magnetic field experienced by the nucleus to B0(1−σ). The Larmor
frequency of each resonance can be expressed as:
ν =
γB0(1− σ)
2pi
(1.4)
With the advent of higher and higher field spectrometer magnets, minute shifts in chem-
ical environment between nuclear species can be discerned spectrally. To assist in analysis,
chemical shift features are typically standardized to a parts-per-million scale (δ). This sys-
tem is possible due the fact that differences in chemical shift arising from structure are small
relative to external field, meaning the resonance frequency of a specific nucleus in a partic-
ular chemical environment of a molecule can be expressed as the fundamental frequency of
the nuclear isotope multiplied by a value close to 1. A routine spectrum spans a relatively
narrow range of shifts used in interpreting analytes ranging roughly from -50 ppm to around
1000 ppm, depending on the isotope and chemical system of interest. Typically, a nucleus
experiencing a weaker magnetic field is refered to as “shielded”, which refers to the effect
of local blocking of the external magnetic field by local electron or atomic density. Highly
shielded resonances experience lower fields, and are typically represented as lower ppm shifts
to the right of a spectrum. Nuclei experiencing higher local magnetic fields are referred to
as “deshielded” and display higher ppm chemical shifts. Often in liquid state 1H NMR, 0
ppm is conveniently defined as the frequency of the reference compound tetramethyl silane
(TMS). The chemical shift information, in addition to spin-spin couplings described in the
next section, is often sufficient for 1D structural assessment of routine synthesis.
δppm = 10
6 × ν− νTMS
νspec
(1.5)
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where νspec is the spectromer frequency, and νTMS is the frequency of TMS, assigned to 0
ppm. This system provides the advantage of standardizing chemical shift features across
spectrometers of different fields, i.e. a diagnostic peak at 2 ppm on a 300 MHz spectrometer
will display at 2 ppm on a 500 MHz spectrometer all the same. This is rather convenient for
chemists verifying spectra from literature where different field strength spectrometers were
used.
1.3 J -Coupling (Spin-Spin Coupling)
While chemical shift information allows broad distinction and classification of chemical en-
vironments, it is rarely sufficient to assess all relevant aspects of a system, especially as the
numbers of spins involved increases. This is due to the fact that the spin of one nucleus is
affected by the nuclei in its proximity, and symmetrically, affects those around it. This inter-
action, referred to as “indirect dipole-dipole coupling”, is mediated through chemical bonds
(as opposed to “through space”) and reveals systematic information about the environment
the nucleus is experiencing relative to its surroundings. These couplings arise from hyper-
fine interactions between coupled nuclear spins and surrounding electrons [SCC89]. For two
spins in molecular proximity to each other but different chemical shifts, whether one spin is
aligned with the external magnetic field in the lower energy orientation (|α〉) or against the
field in the higher energy state (|β〉) affects the field experienced by other spins. Since the
frequency of a nucleus (ν1) is proportional to the magnetic field it experiences, the frequency
of the second nucleus (ν2) is altered and now resonates at one of the two frequencies very
close to one another. Since the spin populations of the first spin are nearly evenly populated,
ν2 divides into two peaks of equal magnitude. This effect is symmetric, meaning that the
first spin is split by equal magnitude as well. This coupling magnitude, which splits both
spin resonances by J number of Hz, is referred to as “J -coupling”, “scalar coupling” or
sometimes “spin-spin coupling”. This nomenclature is derived from the fact that, for rea-
sonable magnetic fields used in NMR (≥ Earth field), J -coupling values are constants which
do not depend on external magnetic field. The magnitude of these J -couplings between
nuclei is indicative of their bond distance and angle relative to each other, and perhaps most
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importantly, the connectivity of the molecule.
1.3.1 Weakly Coupled Systems
Because J -coupling interactions happen only through chemical bond and not through space
except in very rare instances, and are typically only observed through up to three or four
bonds (e.g. 3JHH and
4JHH), the splitting patterns of small molecule mixtures can be inter-
preted easily in a simple 1D spectrum. In a “weakly coupled” system, meaning that chemical
shifts are significantly larger than J -coupling values (δ J), a simple two spin system will
show identical splittings, as shown in Figure 1.5 with a coupled 1H pair [Kee02]. Weakly
coupled systems are typically annotated by describing the spin system with letters alpha-
betically far apart to indicate significant chemical shift difference (i.e. AX, AXX’, AA’X)
or sufficiently different with a three spin system (AMX) and so on. The spin system AA’X
will be explored in more detail in this work, as hydrogenation products hyperpolarized with
parahydrogen display this type of coupling.
ν
0,1
ν
0,2
frequency
J
1,2
J
1,2
Figure 1.5: Truncated spectrum showing spin-spin coupling of a weakly coupled two-spin 1H
system. Reprinted with permission from Wiley [Kee02].
As additional spins are considered, a successive pattern emerges. Consider the system
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-CH2CH3. The three equivalent methyl protons undergo spin-spin coupling interactions
with the equivalent methylene protons, and can be thought to occupy spin populations αα,
αβ = βα, and ββ. These levels are populated in a 1:2:1 intensity distribution, which
can be observed in its spectra. The methylene protons undergo splitting with the three
methyl protons and occupy states ααα, ααβ = αβα = βαα, αββ = βαβ = ββα, and
βββ, displaying a 1:3:3:1 intensity spectral multiplet. For a nucleus with I =1/2, the most
commonly observed in NMR, n number of nuclei in the adjacent coupled group will display
an n+ 1 multiplicity as shown by a classsic Pascal’s Triangle pyramid shown in Figure 1.6.
This can be observed by 13C multiplets displayed as a result of 13C-1H couplings in several
types of 1H branching shown in Figure 1.7.
n = 0 1
n = 1 1 1
n = 2 1 2 1
n = 3 1 3 3 1
n = 4 1 4 6 4 1
n = 5 1 5 10 10 5 1
n = 6 1 6 15 20 15 6 1
Figure 1.6: Pattern of peak splitting with n neighbour spins due to spin-spin coupling.
1.3.2 Strongly Coupled Systems
In spin systems where chemical shift and textitJ-couplings values are close enough to be
comparable (δ ≈ J), the system is referred to as “strongly coupled” and is represented with
letters closer in thr alphabet i.e. AB, AA’B, etc. In a strongly coupled system, construction
and prediction of multiplets become more complicated and the systematic splitting rules no
longer apply, relying heavily on computation and modelling for prediction. As δ approaches
J -coupling constants, outer lines start to weaken in intensity and inner lines increase, often
times forming what appears to be a false multiplet, due to an effect known as the “roof”
effect. While the coupling constants are generally conserved, the relavant Larmor frequencies
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1:3:3:11:2:1
CH3RCH2R2CHR3CR4
Figure 1.7: Display of expected 13C multiplets from 1H interactions due to J -coupling.
Reprinted with permission from Wiley [Kee02].
start to skew as they are no longer directly centered between the two doublet lines, requiring
extra consideration in their analysis.
Because J -coupling constants are field-independent, pulses where timing delays relying
on couplings between multiple nuclei (such as INEPT [MF79] and others described in this
work) can be applied on spectrometers of different fields with little adjustment in timings.
Another consequence of this in a system where chemical shifts are indeed field-dependent is
the ability to manipulate the extent of coupling, typically from weak to strong, on command
if one can control the external field. Under very low magnetic fields, δ  J, and certain
mechanisms such as transferring polarization from one nucleus to another become possible.
We will see this in later sections where use of magnetic shielding to achieve fields far below
Earth field can be used to distribute hyperpolarized signals in PHIP.
1.4 Relaxation
Until now, we have considered the basic components of an NMR measurement leading up to
a simple acquisition where an RF pulse tilts our built up magnetization by some angle 0-90◦
and an FID is recorded. However, this bulk vector does not remain tipped onto the xy-plane
forever, nor does it remain a single, coherent orientation along the xy-plane. Once the RF
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pulse is no longer being applied, the dominant magnetic field experienced by the analyte
is the static B0 field, essentially tipping it away from the xy-plane. These behaviors which
cause pulsed magnetization vectors to return back to equilibrium prior to pulsing are referred
to as “relaxation” processes. The term relaxation here is reflective of a system’s process of
returning to a thermally equilibrium state after a disruption, such as that of an RF pulse.
Two separate relaxation phenomena, named T1 and T2, often notoriously limit MRI signal
length and therefore quality, but are routinely used in medical MRI to discern types of tissue
via use of T1- and T2-weighted scans. This works on the principle that relaxation is heavily
dependent on a variety of factors comprising the environment of the pulsed nucleus, and can
therefore be exploited as a diagnostic signature. This section will elaborate on both of these
mechanisms and their contexts for magnetic resonance and, in particular, hyperpolarization.
1.4.1 Longitudinal (T1) Relaxation
An incredible feature of nuclear spins manipulated by external field is that it they are largely
unaffected by the macroscopic environment of the material. What this means is that as a
mixture of of compounds dissolved in chloroform diffusing and tumbling randomly while col-
liding with each other, or water molecules pumping violently through a patient’s veins each
heartbeat, their nuclear spins largely retain their magnetic alignments. Without this prop-
erty, acquiring comprehensive signals from a chaotic system randomzing itself on nanosecond
timescales would not be feasible. However, the local interactions surrounding each precess-
ing nucleus such as coupled spins, electron clouds, and thermal energy are certainly able
to perturb a spin orientation. After application of a pulse, local interactions cause slight
deviations in precession angle to accrue over time. Slowly, at least relative to the MHz fre-
quency of the precession itself, the nuclei begin to devolve into a more widely distributed,
more randomized state no longer conveniently focused along the xy-plane following, say, a
90◦ pulse.
Unless removed from external field, the nuclear spins are not entirely randomized, how-
ever. Thermal energy in the system causes the spins to prefer a lower energy state to a
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higher energy one, and in the presence of a high external magnetic field, the lowest energy
orientation exists as parallel to the B0 field, as shown in Figure 1.2. The absence of further
pulsing or magnetic field manipulaton causes an otherwise randomly orienting distribution of
spins to adopt a small preference for aligning with B0; not necessarily as perfect, individual
contributions but when this slight preference is summed in a sufficiently concentrated system
of spins all precessing with near-random direction, as shown in Figure 1.8 [Lev08].
Figure 1.8: Summation of nuclear spins contributing to magnetization at thermal equilib-
rium. Reprinted with permission from Wiley [Lev08].
The degree of this slight preference for B0 alignment has many factors and repercussions,
depending on the process considered. Under routine high field conditions, the primary factors
dictating this contribution to net magnetization is the discrepancy between the relatively
small energies associated with Zeeman splitting in relation to thermal energy. The magnetic
energy difference between 1H nuclear spins aligned with or against a 7 T external field is
~γB0 = 1.98 x 10−25 J, where as the thermal energy at 298 K is kBT = 4.11 x 10−21 J, a
difference of four orders of magnitude. However, the field dependence of thermal equilibrium
means that a chemical solution can be prepared on a benchtop, placed into a a magnet
and in sufficient concentrations (generally ≥mM), thermal equilibrium will stabilize a net
16
accumulation of magnetization usually sufficient for analysis of 1H or other higher sensitivity
nuclei, and will reach the same equilibrium repeatedly after some time following a pulse.
However, for more elaborate experiments involving complex environments such as imaging
of the human body at lower concentrations, lower γ nuclei and less homogeneous fields, signal
contribution from thermal polarization is not sufficient and limits achievable sensitivity. This
limitation is discussed in great detail throughout this work, and can largely be declared the
motivation for the work described (see Section 2.1).
By this mechanism of “near-randomization”, a magnetization vector following manip-
ulation by a pulse will slowly return to thermal equilibrium and align with B0 along the
z-axis. This process is referred to as spin “longitudinal” relaxation, as the net result is a
perturbed system returning to a small thermal polarization along the longitudinal z-axis due
to the B0 field. Some classical works also refer to this as “spin-lattice” relaxation due to
early NMR investigations attributing many of these effects to a spins affected by the crystal
lattice of a solid. However, most commonly in recent years and throughout the remainder
of this work, this process is referred to as T 1 relaxation, and can be sufficiently described as
the dominating constant determining the rate that an ensemble of spins will return to the
positive z-axis after perturbation.
A somewhat common misunderstanding, which is crucial for MR spectroscopists to com-
municate, is that a spin’s T 1 relaxation constant is the “signal’s lifetime in an NMR experi-
ment”, which has truth but not in the intuitive sense. As it turns out, the spins returning to
a thermal equilibrium state occurs exponentially, and accumulation of magnetization along
the z-axis can be described as:
Mz(τ) = M0 [1− exp (−τ/T1)] (1.6)
in a system where Mz is the magnetization along the z-axis and M0 is the initial magne-
tization after the system is disturbed, where Mz=0 and τ=0 following a precise 90
◦ pulse.
This description dictates then that after one “T 1 length”, Mz is only 63% built up, and
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37% remains observable, or otherwise out of thermal equilibrium. After 2×T 1s, 90% has
returned, and so on. If one desires to observe the full magnitude of Mz say, to assess the
highest possible signal intensity of a system at thermal equilibrium, a generally accepted
standard is to wait at least 5 × T 1 lengths at high field without pulse perturbation, after
which 99% of Mz will have returned. This means that even after two T 1 cycles, up to
10% of the original signal is potentially observable. This can be visualized by plotting Mz
following a theoretical 90◦ pulse shown in Figure 1.9.
Mz
0 t
90° pulse
Figure 1.9: The magnitude of Mz in a system resting at thermal equilibrium immediately
before and after a pulse onto the xy-plane.
Because many factors comprise an observed T 1 length, its consequences range from a
useful signature for generating contrast in T 1-weighted clinical MRI to an experimental
obstacle, as long T 1 lengths translate into potentially inconvenient delay times in between
sample scans to allow build up of Mz before further pulsing when averaging is desired (see
Section 2.1). T 1 is generally inversely proportional to γ, with liquid state organic
1H T 1
values typically between 0.1 and 10 seconds (with plenty of exceptions) depending on the
local nuclear environment. A 13C nucleus with one quarter the γ of a 1H, however, commonly
exhibits T 1 times exceeding a minute, particularly if air is removed from the sample and
replaced with inert gas to offset the paramagnetic influence of 16O in O2. A more extreme
example is 129Xe, an attractive option for imaging contrast of the human lungs in part due
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to its exceptionally long T 1 exceeding one hour [ASS08].
180˚x 90˚x
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a) b)
Figure 1.10: Pulse diagrams for an inversion recovery experiment. a) Measurement of a
heteronucleus X (e.g. 13C) is performed by a 180◦ pulse, waiting a variable delay time τ,
followed by a 90◦ pulse before acquisition. Peak intensity is plotted as a function of τ and fit
by exponential decay. A common strategy for simplifying spectra is to apply a decoupling
pulse to disrupt 1H-X interactions, though this is not required. b) For protons, the inversion
and acquisition pulses are simply applied without further consideration.
While direct studies of T 1 are not practical since NMR observation is along the trans-
verse xy-plane and applying RF pulses would disturb the process, T 1 lengths are classically
measured through a simple experiment known as inversion recovery shown in Figure 1.10.
The strategy of this experiment is essentially to determine T 1 by inverting initial +Mz to
-Mz with a 180
◦
x pulse, waiting a variable delay τ, followed by a 90
◦
x pulse to acquire. At very
low τ, the resulting signal intensities are effectively a 270◦x pulse resulting in a maximum
negative intensity observed along the +y-axis. As τ increases, more time is given to rebuild
Mz until τ > 5 × T1 and the 90◦x pulse results in maximum positive intensity. Plotting
peak intensity over τ and fitting with exponential decay from Eq. 1.6 allows extraction of
T 1 value. Other strategies of extracting T 1 have been shown when adapations to a system
are necessary, such as the Look-Locker sequence [LL70] often used in vivo, but inversion
recovery is considered the most accurate assessment when possible. This measurement is
valuable to assessing hyperpolarization strategies as hyperpolarized signals decay through
T 1 mechanisms, and will be explored further in later sections.
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1.4.2 Transverse (T2) Relaxation
The decay of magnetization from the xy-plane onto the z-axis through T 1 mechanisms is
an important consideration for considering the signal lifetimes of an analyte, but there is
another phenomenon hindering signal observation after a pulse is applied. Consider a three-
dimensional vector system in thermal equilibrium with a net polarization along the z-axis
which then has a 90◦x pulse applied, rotating the vector about the x-axis onto -y. The exact
instant the RF pulse is stopped, a single vector representing the sum of these near-random
spins after tipping exists coherently along -y, since the applied pulse rotates each individual
nucleus equally, but in the process of rotating they are still precessing. The slight variations
in these precessions summed over time produce a separate type of relaxation to T 1 known
as “transverse relaxation”, or simply T 2, in which the phase of the magnetization vector is
lost over time as the spin ensemble “fans out” as shown in Figure 1.11.
xxx
zzz
yyy
B0
Figure 1.11: Vector diagram of coherent magnetization losing coherence due to T 2 mecha-
nisms.
This decoherence cannot be restored without allowing the spins to reach thermal equilib-
rium and pulsing again as the spins have no external field orienting them along the xy-plane,
so they simply precess farther and farther from an arbitrary position along (i.e. -y-axis) over
time. For gases, this process can be quite short (1 sec), which often creates experimental
hassle and considerations in addition to low density, but in liquid state NMR generally T 2
≈ T 1 for fast-tumbling compounds, giving on the order of seconds to acquire a spectrum
before full decay. Several factors influence T 2, for instance smaller molecules tend to display
longer T 2 values while spins on larger molecules can be extremely short. T 2 also depends
heavily on spin-spin interactions as well, earning it the name “spin-spin relaxation” among
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many others, though its mechanisms do not rely on two nuclei affecting each other. After
an initial pulse from Mz, the Mx and My can be expressed by the following [Lev08]:
My = −Meq cos (ω0t) exp {−t/T2}
Mx = Meq sin (ω0t) exp {−t/T2}
(1.7)
T 2 relaxation is typically not a limiting factor in liquid state NMR or hyperpolarization,
and will not be discussed here in great detail.
1.5 Vector Model and Product Operator Formalism
Until now in this work and under most casual circumstances, the spin mechanics of NMR
can be intuitively thought of as a three-axis plot where B0, and hence Mz, align along +z,
and RF pulses are applied and measured in the transverse xy-plane as shown in Figure 1.3.
This system offers convenient visualization of pulses and effects on a single spin, but it fails
to completely describe interactions between spins such as J -coupling and sequences involving
more than one pulse such as many 2D experiments, which are often key to understanding
phenomena. The most complete description of these quantum mechanics are possible using
density matrix theory, which the reader is encouraged to explore, however a full quantum
mechanical assessment appropriate for multiple spin systems and pulses is often expressed
through a system known as product operator formalism. This system is intuitive enough by
virtue of directly representing physical values and processes in space and is compatible with
familiar vector model representations where appropriate.
1.5.1 Vector Model
The pervasive nature of NMR in the physical sciences and elsewhere, in addition to cryogenic
maintenance and technical calibration of instruments, leads to large numbers of research
groups seeking relatively straightforward answers to their system of interest. An average
user may not be experienced or interested in the nuances of quantum mechanics of magnetic
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resonance, and often they do not need to be. For introductory and casual understanding
in NMR, even among seasoned spectroscopists, visualizing simple phenomena using a three
dimensional axis referenced earlier in which the positive z-axis is placed along the B0 of the
external magnetic field and x- and y-axes are placed orthogonally is sufficient. A spin resting
at thermal equilibrium with a net magnetization initially along positive z (M0) can then be
thought of as rotating during a pulse whose pulse length corresponds to a certain “flip angle”,
designated β. While 90◦ and 180◦ pulses are quite common, 30◦ is used often for routine
structural NMR to reduce delay times, and 45◦ is encountered often with parahydrogen for
reasons discussed later.
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M0 300x pulse
Figure 1.12: Vector diagram of spin magnetization at thermal equilibrium (M0) after a
pulse using a 30◦x flip angle (β) is applied, rotating magnetization onto -y. By intuitive
trigonometry, the longitudinal and transverse components of the resulting magentization
vector can be divided into M0 cosβ and M0 sinβ, respectively.
This system holds as a reasonable approximation even for several multiple pulse se-
quences, such as measuring T 1 by inversion recovery (Section 1.4.1). A system in thermal
equilibrium is rotated 180◦ away from positive z before a variable delay (τ) and a final 90◦
pulse and immediate acquisition (Figure 1.10). For initial values of τ where τ ≈ 0, the
net result of these two pulses is a 270◦ rotation and detection along the +y-axis shown in
Figure 1.13a, yielding a maximally negative peak area. However as τ is increased, partial
recovery of Mz is occuring during τ, until τ values exceed 5×T 1 values and the effects of
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the 180◦ pulse are long gone, yielding a maximally positive area from magnetization along
-y shown in Figure 1.13b, along with intermediate values for 0 < τ5×T 1 for fitting. This
experiment is exceptionally useful, and can be understood geometrically using this three axis
system.
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Figure 1.13: Depiction of an inversion recovery experiment for determining T 1 values. In a),
τ is set to 0, showing the vector diagram result of the two pulses rotating the magnetization
onto +y. When τ  T1 shown in b), the magnetization has recovered from the 180◦ pulse
and maximum signal is detected following the 90◦ pulse.
However, this interpretation soon falls apart when considering more complex systems.
For instance, how do these vector behaviors change as multiple spins are present, both of the
same nucleus and others, all undergoing J -coupling interactions with each other? How can
magnetization of one nucleus, such as a 1H, be transferred to and from other nuclei which are
otherwise difficult to observe, such as 15N? How exactly are these vectors responding during
pulse delays other than collapsing back onto the positive z-axis? These considerations require
a more elegant system which examine the quantum mechanics behind these mechanisms
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which we will briefly examine in the next section.
1.5.2 Product Operators
An “operator” in quantum mechanics simply represents a quantity represented in a system,
such as energy or momentum, which has its own operator capable of modifying it. An
operator in this sense is a term meant to combine with a given function to produce a new
one. Integration is, in a sense, an example of an operator by virtue of being applied to a
function to produce a new one, such as in the following:
∫ b
a
2xdx = x2 + C
∫ b
a
dx can be viewed as a function whose purpose is to operate on another function to output
a new expression, e.g. x2 + C. As nuclei precess in a path around a point, they possess
angular momentum, which can be represented along a three-axis system with x, y and z, as
we’ve previously seen. Conveniently, three operators exist to represent each component of
this spin angular momentum, designated Ix, Iy and Iz, corresponding to each geometric axis.
This means that the components of a spin system at any point in time can be expressed as a
sum of these operators, referred to in quantum mechanics as the density operator (σ) [Kee02].
σ(t) = a(t)Ix + b(t)Iy + c(t)Iz (1.8)
These components describe the system intuitively as each vector component of a three-axis
system, where a system resting in equilibrium under external magnetic field can be expressed
as σeq = Iz.
When considering operators in magnetic resonance, of particular importance is the Hamil-
tonian (H), an operator which fully describes the energy of the system. The various eigen-
states and eigenfunctions described by the Hamiltonian give a form the energetic states,
and transitions between these states, that allow a system to be observed and character-
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ized through spectroscopy. In magnetic resonance, the Hamiltonian plays a crucial role in
determining the systems behavior during “evolution”, meaning how time delays affect mag-
netization and other more complex spin interactions which can be observed or manipulated
through pulse design. The Hamiltonian of a given system is determined by the spins in ques-
tion, the applied field, temperature, and other factors, which also respond during application
of an RF pulse. A Hamiltonian in “free precession”, meaning during a time delay without
RF or magnetic field change, is described as the following:
Hfree = ΩIz (1.9)
which can be interpreted as precession at frequency Ω around the z-axis using traditional
vectors. Consider a standard 90◦x pulse, which is understood as rotating the magnetiza-
tion “about x”, meaning from the z-axis onto the y-axis when looking down the x-axis. In a
right-handed axis, our vector model represents this as tipping onto -y, where transverse mag-
netization can be detected during routine measurement. Described by its density operator,
the system can be expressed as:
σ(t) = exp(−iHt)σ(0) exp(iHt) (1.10)
where a system at t = 0 can be described as σ(0) = Iz and H = ω1Ix, leading to the
simplified expression:
σ (tp) = exp (−iω1tpIx) Iz exp (iω1tpIx) (1.11)
following an x-pulse of time tp. The key to evaluating these expressions relies on well-known
identities which are used regularly in quantum mechanics; in this case, exp (−iβIx) Iz exp (iβIx) =
cosβIz− sinβIy. Substituting these terms, a spin initially precessing along the z-axis tipped
by flip angle β (e.g. 90◦) can be described as [Kee02]:
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σ (tp) = cosω1tpIz − sinω1tpIy (1.12)
or rotating by some angle-dependent component from +z onto -y, precisely what our intuition
tells us from vector representation. The narrow selection of operators (Ix, Iy and Iz) means
that all of the identities needed for such evolutions are solved, and become reflexive after
working with them. To save time and space, an abbreviated nomenclature is often used, in
which transformations are proposed using reaction-like arrow bars, where our example above
in could be written as Iz
ω1tpIx−−−−→ cosω1tpIz − sinω1tpIy. It is important to note that pulses
along an operator’s axis do not affect it, e.g. Ix
ω1tpIx−−−−→ Ix.
Aside from the noble pursuit of making life more complicated, the advantages of this
system present themselves once systems of more than one spin arise, especially spins where
J -coupling are involved. Consider a two spin system, where each spin is comprised of its
individual three operators (I1x, I1y and I1z for “Spin 1” and I2x, I2y and I2z for “Spin
2”). Assume these spins are coupled in a weakly coupled regime, which would present
itself with the familiar doublets shown in Figure 1.5. These peaks are said to have in-
phase magnetization, corresponding to I1x and I2x, meaning that their peaks have the same
geometry and phase sign. The analogous components I1y and I2y are also considered in-phase
for respective spins, but phasing convention designates absorption magnetization collected
during NMR to the x-axis and dispersion magnetization to y, leading to more complex
lineshape. Four operators resulting from this coupling shown in Figure 1.14 [Kee02] form
anti-phase magnetization, in which the sign of phase of the magnetization of Spin 1 and
coupling to Spin 2 are opposite. This will be examined further in parahydrogen experiments
as the result of anti-phase magnetization is readily observed. The remaining operators either
correspond to multiple terms along the transverse plane (e.g. 2I1xI2y) or are otherwise not
observed (I1zI2z).
Perhaps the biggest utility of product operator formalism is clear when coupled spins
undergo time evolution, as this is the mechanism predicts the pulse effects of interchanging
in-phase and anti-phase magnetization, between two spins of the same nucleus or a heteronu-
26
Figure 1.14: Cartoon plots of different product operator representations in a weakly coupled
doublet spin system with two spins at Ω1 and Ω2. Reprinted with permission from Wiley
[Kee02].
clear system (e.g. 1H and 13C). Because the rotations of Spin 1 and Spin 2 are completely
independent and do not affect each other, operators of both can be considered separately
from one another. For instance, a term 2I1xI2z evolving under application of a 90
◦ pulse
about both y-axes (90◦y) could be described as successive transformations:
2I1xI2z
ω1tI1y−−−−→ ω1tI2y−−−→ (1.13)
where the first transformation only changes Spin 1 terms, and with ω1t =
pi
2
under a 90◦
pulse, leads to:
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2I1xI2z
ω1tI1y−−−→ cosω1t2I1xI2z − sinω1t2I1zI2z ω1tI2y−−−−→ (1.14)
2I1xI2z
pi
2
I1y−−−→ −2I1zI2z
pi
2
I2y−−−→ (1.15)
and the second transformation only affecting Spin 2 can be expressed as:
2I1xI2z
pi
2
I1y−−−→ −2I1zI2z
pi
2
I2y−−−→ −2I1zI2x (1.16)
The final result of this transformation is the transfer of anti-phase magnetization from Spin
1 onto Spin 2, a relatively common phenomenon in magnetic resonance known as “coherence
transfer”. This is commonly used in routine NMR sequences such as HSQC, Heteronuclear
Single Quantum Coherence. The manipulations involved between nuclei, and equally im-
portant between in-phase and anti-phase magnetization, will play an important role in
hyperpolarization and allow preservation of enhanced signals. Operators can further de-
scribe these transitions in a multiple spin system undergoing J -coupling, via the inclusion
of HJ = 2piJ12I1zI2z where J12 represents the coupling constant between Spin 1 and Spin
2. Under these conditions, the coupled Hamiltonian can be expressed as HJ = 2piJ12I1zI2z
where the J12 is the scalar coupling (Hz). Again, a system of transformations can predict the
outcome of a system pulsed, including evolutions. This can be used to express the interplay
between in-phase and anti-phase magnetization using the guide in Figure 1.15 [Kee02]. For
example, anti-phase magnetization along the x-axis can convert into in-phase magnetization
along y by the process:
I1x
2piJ12t1I2z−−−−−−→ cospiJ12tI1x + sin piJ12tI1y (1.17)
which can be tailored to each compounds’ couplings to convert fully when piJt = pi/2,
meaning a delay time of 1/(2J12) [Kee02]. This is used quite frequently in multiple pulse
28
xz
y
−xz
−y
−yz
x
yz
−x
Figure 1.15: Evolution under coupling with angle piJt. Reprinted with permission from
Wiley [Kee02].
sequences which we will encounter in the following chapters, and can often be described fully
using this nomenclature. A common convention is to designate a heteronucleus, often 13C
or 15N, with the letter S, where two coupled spins may be designated 2IzSz as opposed to
2I1zI2z, through some authors vary this convention for further clarification. It should also
be noted that the system described here only represents I = 1/2 nuclei, which encompasses
this work, though higher spin nuclei are possible to described this way.
From the fundamental theory outlined in this chapter, hopefully much of the essential
mechanisms and nomenclature used in NMR and throughout the rest of this work can be
considered helpful in understanding the compilation of work presented, although this intro-
duction is by no means an exhaustive attempt to orient a curious readership. From this
chapter, a general familiarity of the phenomenon of magnetic resonance, the pivotal hard-
ware involved, and a few frameworks to interpret it and predict its effects are hopefully more
clear. The next chapter will further this foundation by examining NMR and MRI more
specifically in the context of signal quality, signal-to-noise ratio, and current strategies to
overcome existing limitations, of which PHIP is an example.
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CHAPTER 2
NMR Sensitivity and Hyperpolarization
Despite the incredible variety of applications demonstrated by NMR, one of the primary
limitations it faces is inherently low sensitivity. Even inside state-of-the-art external mag-
nets, the population differences between Zeeman energy levels discussed in Section 1.1.1 are
low, causing very low fractions of a given sample’s nuclei to align to the applied field and
contribute to detection. This polarization, or alignment of nuclear spin ensemble to applied
magnetic field, is severely limited due to the fact that nuclei have low gyromagnetic ratios
(γ) at near-ambient temperatures, which is most relevant to medical use. Even 1H, one of the
highest γ and commonly observed nuclei in NMR, contributes around 11 parts per million
polarization at the common medical MRI scanner field of 4 T, and lower for all other nu-
clei and corresponding abundances considered. This section briefly introduces challenges in
achieving desired signal and resolution in NMR and an overview of the phenomenon known
as “hyperpolarized” which seeks to overcome these challenges by producing spin popula-
tions beyond what is possible by spectrometer magnetic field alone through several different
mechanisms.
2.1 Signal-to-Noise Ratio (SNR)
A description of signal-to-noise, from here on refered to SNR, provides a commonly consid-
ered metric to investigate sensitivity within NMR. A mathematical description of spectral
SNR in NMR is given by the following [CFP96,EGH86]:
SNR =
Nγ
5
2B
3
2
0
T
3
2
√
NsTread
TR
δHz (2.1)
where N represents number of spins, γ is the gyromagnetic ratio of the spins considered,
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B0 is the strength of the external magnetic field, T is the measurement temperature, Ns
is the number of transient scans performed, Tread is the time of acquisition, and TR is the
repetition time. From this, several key strategies for improvement can be examined.
1. SNR∝N, SNR∝ γ52 ; Perhaps the most straightforward observation is the dependence
of SNR on the abundance of observable nuclei in a given sample and their sensitivity.
This is one reason for historical dominance of clinical 1H MRI, as the human body
contains high H2O concentration (≥35 M) at 100% abundance with large γ value
(42.58 MHz T−1 [Nel60]). For other nuclei such as 13C or 15N, this implies the benefits
of high concentration of sample and/or isotope labeling when possible.
2. SNR∝ B0 32 ; Higher applied field increases SNR by increasing achievable thermal
polarization. This often introduces engineering constraints for clinical scanners, es-
pecially as global helium stores required to stabilize most high field magnets come
into question [BH13], though improvement of stable field comprises a large area of
research [DTT03,HPC97, IFO18].
3. SNR∝ (1/T 32 ); SNR correlates inversely to temperature. This effect is widely ex-
ploited in structural NMR and even in hyperpolarization techniques such as dynamic
nuclear polarization (Section 2.3). This parameter is of little direct benefit in clinical
MRI where safe and comfortable temperatures are tightly confined to room tempera-
ture.
4. SNR∝Ns 12 ; SNR is gained as a square root of the number of transient scans acquired
since signal adds coherently and noise contribution adds incoherently. This motivates
the common practice in NMR and MRI of averaging many scans until satisfactory
SNR is achieved. This has tremendous impact on the field of clinical MRI, leading to
much longer scan times needed, which depend on costly equipment, facilities and staff
to operate in addition to limiting the depth of information achievable in a reasonable
timeframe to adminster to a patient.
5. SNR∝ δHz; Increased spectral resolution correlates with higher SNR due to the fact
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that signal amplitude will increase compared to noise.
These factors taken together encompass the experimental factors determining realistic
SNR possible in spectroscopy and imaging. It should be noted that certain technologies and
methods can alter these boundaries. For instance, the advent of receiver coils kept under
cryogenic temperatures - or “cryo-probes” - offer a distinct advantage to SNR, as the accu-
mulation of spectral noise is appreciably reduced without affecting the environment of the
sample. Another common strategy with achievable SNR operating beyond Equation 2.1 is
the transfer of polarization from high γ species such as 1H onto lower γ nuclei before obser-
vation. This is done routinely by application of various RF pulses such as Insensitive Nuclei
Enhancement by Polarization Transfer (INEPT) [MF79] or Cross Polarization [PGW73] from
1H to 13C etc., or from highly polarized electrons to various NMR active nuclei via Dynamic
Nuclear Polarization under relatively rigorous conditions (Section 2.3). These techniques are
developed specifically to offer better SNR in their appropriate circumstances than standard
inductive detection.
2.2 Thermal Polarization
A thorough description of NMR sensitivity and the hyperpolarization techniques designed to
enhance it requires a definition of net magnetization (M0) achieved at thermal equilibrium
in a given system:
M0 = hγ
I∑
ms
msNm = Nhγ
I∑
ms
msPm = Nhγ〈ms〉 = N~γIp (2.2)
where M0 is the net magnetization, ms is the azimuthal quantum number, Nm is the number
of nuclei present in the ms state, and Pm representing the probability of a nucleus being in
ms state, and p is the nuclear spin polarization, defined such that 0 ≤ p ≤ 1. The achievable
values of M0 are thus dependent on the distribution of states between Zeeman energy lev-
els, 〈ms〉, establishing a maximum value of 1 when all considered nuclear spin states exist in
〈ms〉 = +I or −I state, and of 0 when all Zeeman energy levels have equally distributed pop-
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ulations. A straightforward approach to view polarization is thus as a normalized population
difference between two nuclear spins states:
Peq =
n− − n+
n− + n+
(2.3)
where n− and n+ represent respective spin statel populations. M0 magntitude can thus
be directly related through nuclear spin polarization normalized such that all nuclei are
observed at polarization of 100% (P = 100%), no signal is observed at polarization of 0%
(P = 0%), and hyperpolarization experiments compare signal intensities to their thermal
counterparts to determine observed polarization levels.
At thermal equilibrium, a description of polarization referred to as “thermal polarization”
can be made from statistical mechanics [PB96]:
Pthermal =
exp
(−E+1/2
kT
)
− exp
(−E−1/2
kT
)
exp
(−E+1/2
kT
)
+ exp
(−E−1/2
kT
) (2.4)
=
exp
(
θ
2T
)− exp (− θ
2T
)
exp
(
θ
2T
)
+ exp
(− θ
2T
) (2.5)
=
sinh
(
θ
2T
)
cosh
(
θ
2T
) (2.6)
= tanh
(
θ
2T
)
(2.7)
Pthermal  θ
2T
(2.8)
where θ in is given to be an expression of Zeeman energy splitting:
θ =
∆E
k
=
hγB0
2pik
(2.9)
and thus, thermal polarization can be expressed directly as:
33
Pthermal =
hγB0
4pikT
=
~γB0
2kT
(2.10)
and net magnetization can then be expressed as:
M0 =
Nh2γ2B0
16pi2kT
(2.11)
From these expressions, we arrive at a fundamental observation in NMR with tremendous
impact on its applications and the industries which rely on it, such as clinical imaging:
thermal polarization at ambient temperature, even inside of modern high field spectrometers,
is very low. At 300 K and 4 T, a common clinical scanner strength, 1H polarization is 1.3 ×
10−5. This stems from that fact that in all all temperature regimes above the mK regime,
thermal energy dominates over Zeeman splitting introduced by magnetic field. As mentioned
in Section 2.1, since achieving higher stable magnetic fields usable as spectrometers has
economic and engineering constraints and temperature must be tightly confined for biological
applications (since freezing patients is generally frowned upon), there is substantial need for
instruments and methodologies which can overcome this boundary and increase sensitivity.
The broad approaches aimed at producing highly non-equilibrium nuclear spin states at
room temperature are together referred to as hyperpolarization, and is comprised of various
techniques with their own sets of strengths and weaknesses. The most promising hyperpolar-
ization methods for clinical purposes are outlined in Section 2.6.1 including Parahydrogen-
Induced Polarization (PHIP), the focus of this work.
2.3 Dynamic Nuclear Hyperpolarization
While nuclear spins are difficult to polarize at high temperatures due to low gyromagnetic
ratios (γn), it has been well-known that electrons are significantly easier to polarize and
posses higher γe values. At low temperatures, electron spin polarization approaches unity,
and these interactions are coupled with nuclei through dipolar interactions allowing tunable
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transfer of polarization. For instance, at 90 K and 14.1 T field, electron spins exhibit a
thermal polarization of 11.9%, while 1H nuclear spins are only polarized to 0.02%. This
means that a theoretical signal enhancement (ε) of γe/γn is achievable, corresponding to 660
for 1H and 2640 for 13C. This phenomenon has led to the development of arguably the most
prolific hyperpolarization technique to date known originally as ‘the solid effect’ [Abr61],
but for the vast majority of its development as Dynamic Nuclear Polarization (DNP). Var-
ious derivatives of DNP have been developed for solids, gases, and liquids, and for broad
applications from bacterial structures [TAB13] to various protein structure determinations
relevant to disease [RM17] to amorphous and crystalline material investigations [OMW13]
and beyond.
However, for the purposes of this discussion, the most relevant and successful technique to
molecular pharmacology and the hyperpolarization of metabolic contrast agents is dissolution
DNP (d-DNP). Introduced by by Jan Ardenkjær-Larsen in 2003 [AFG03], this technique
lowers the temperature of a free radical carrier in the presence of the hyperpolarization
substrate of interest, the most well-characterized by d-DNP being 1-13C-pyruvate. Cooled to
extremely low temperatures (2 K) into a glass matrix, order-unity polarization is achievable
on the unpaired electon of the carrier, and this polarization can then be transfered to target
13C nuclei by irradiation with high power microwave pulses set to the resonance frequency of
the electron, as shown in Figure 2.1 [NGC15]. The original work detailed a rather long time
needed to build up 13C polarization at ∼4,900 s [AFG03], but later work has shown that
intermediate transfer to nearby 1H nuclei before transfer to 13C nuclei via solid state cross
relaxation mechanisms can shorten this to ∼810s [BMP12]. This mixture then undergoes
dissolution, where liquid solvent essentially dissolves and warms this glass matrix up to
physiological temperatures within a few seconds. This solution can then be transferred from
the DNP gyrotron to a nearby NMR spectrometer or for injection into a patient prior to
imaging. Some modified procedures attempt to address concerns of the free radical carrier
compound by immersion in excess ascorbic acid (vitamin C), a potent antioxidant, prior to
injection [MAS10].
Due to the high levels of polarization achievable (>70% P13C [JBM12]) and lack of catalyst
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Figure 2.1: Irradiation of free radical electrons at low temperature with microwaves allows
transfer of polarization to 13C nucleus of interest before dissolution. Printed with copyright
permission of Wiley [NGC15].
or significant substrate modification, d-DNP has left a remarkable impact on the biological
community of hyperpolarization. Studies using d-DNP have been performed using 1-13C-
pyruvate [DKG07], 5-13C-glutamine [GKD08b], 1-13C-fumarate [GKH09], both 13C- and 15N-
choline [KAT14,GRL08], 13C-bicarbonate [GKD08a], 13C-glucose [HDF13] and others, with
and without extensive work to prolong T 1 relaxation by deuterium labelling. The use of
biomolecules by d-DNP is in some ways considered a poster child for hyperpolarization since
investigations of prostate cancer using 1-13C-pyruvate are currently undergoing FDA clinical
trials [NKV13].
In fact, one of the pivotal accomplishments of d-DNP has been showcasing the diagnostic
potential of hyperpolarization when sufficient polarization is achieved. The ability to map
metabolic uptake and response to simple metabolites has demonstrated new strategies in
disease recognition. For instance, DNP studies using 13C-carbonate in tumor-grafted mice
was able to identify altered metabolism and hence aberrant tissue by mapping pH, as HCO−3
and CO2 are interconverted rapidly by the enzyme carbonic anhydrase to buffer pH change
under control of mammalian blood conditions (Figure 2.2 [GKD08a]). Other mechanisms
have been investigated, such as the efficacy of choline in prostate, kidney and liver metabolism
[KAT14], which will be discussed in great detail in later sections.
While DNP poses great advantages and continues to transform new and existing appli-
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Figure 2.2: a) Transverse proton magnetic resonance image of a mouse with a subcuta-
noeously implanted EL4 tumour (outlined in red). b) pH map of the same animal calculated
from the ratio of the H13CO–3 (c) and
13CO2 (d) voxel intensities in
13C chemical shift images
acquired ∼10 s after intravenous injection of ∼100 mM hyperpolarized H13CO–3 and assum-
ing a pKa of 6.17. The spatial distribution of H
13CO–3 (c) and
13CO2 (d) are displayed as
voxel intensities relative to their respective maxima. The tumour margin in b, c, and d is
outlined in white. Reprinted with permission from Nature [GKD08a].
cations of magnetic resonance, it suffers primarly due to three notable drawbacks. First is
its notorious cost of infrastructure. DNP polarizers typically require high power microwave-
generating cyclotrons operating under high magnetic field (∼100-200 GHz, 100 mW, 3-9.4
T). A commercial DNP polarizer can run from $1-2 million USD in addition to the team
of specialists required to prepare samples and operate it independently of the routine clin-
ical MRI personnel. This creates a cost barrier where d-DNP applications may only be a
specialized effort without broad accessibility. Some efforts have been made to create remote
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or automated operation of the polarizers, but these remain under development. The second
boundary is the relatively long polarization lifetimes needed. Irradiation of sample glass
matrix requires on the order of tens of minutes, causing complications in terms of relaxation
events and other sample considerations and operation time. The third largest barrier of DNP
arises from its mechanism of polarization transfer. Generally, NMR active nuclei of lower γ
tend to display longer T 1 lifetimes, at least within the context of current biological relavance.
This means that an attractive trend is the storage of 1H hyperpolarization introduced by
parahydrogen on longer-lived nuclei with lower γ, such as 13C or 15N. DNP, however, loses
efficiency in its ability to directly polarize nuclei of lower γ, forcing it to rely on the polar-
ization of adjacent 1H which prevent deuteration and potential boosts in heteronuclear T 1.
Nonetheless, d-DNP offers a tremendous wealth of knowledge to both basic science and the
establishment of hyperpolarization in human applications.
2.4 Spin-Exchange Optical Pumping (SEOP)
Along a similar principle to generating nuclear polarization by optically pulsing nearby car-
rier electrons, a technique known as Spin-Exchange Optical Pumping (SEOP) has gained
traction in the pursuit of biomedical application. SEOP is a technique in which high quan-
tities of noble gases, in particular 3H, 129Xe and 89Kr, can be hyperpolarized to near unity
and used for high resolution lung imaging. This can be achieved through high-power pulsing
of an optical chamber using a circularly-polarized laser under external magnetic field in the
presence of an alkali metal vapor. While early investigations by Zeeman involved the study
of sodium metal vapor nuclei under magnetic field [Zee97], rubidium (Rb) atoms are cur-
rently preferred as they can be electronically polarized, exploiting much higher polarization
efficiencies. After the “optical pumping” phase, the ability to transfer electronic polarization
from Rb atoms onto noble gas nuclei occurs through a gas collision phenomenon referred to
as “spin-exchange”. If done rapidly enough, i.e. much faster than 1/T1 of the noble gas,
then high nuclear polarization is achievable.
Of the hyperpolarized noble gases, 3He possesses the highest γ (33.43 MHz T−1 [ALM17]),
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meaning the highest sensitivity to magnetic resonance measurements, and the most widespread
applications for preclinical use [FKH07]. However, 3He is an exceedingly rare isotope whose
main source is tritium decay from nuclear processes creating an unsustainable supply crisis
worldwide at this time. There are proposed efforts to harvest 3He from space missions or
designating other reactions, but these systems are not currently matured.
Beyond 3He, while 89Kr may display attractive biomedical properties due to its surface
sensitive quadrapolar moment, 129Xe has received the most attention in the hyperpolarized
lung MRI community. 129Xe is a I = −1/2 nucleus with a γ of 11.44 MHz T−1 which can
be purified by extraction from air and exists in 26.4% natural abundance. One of the most
notable advantages to 129Xe is the incredible sensitivity of its chemical shift in response to
pressure and surface environment (>250 ppm), offering a useful tool in diagnostic imaging.
First demonstrated in lung MRI in 1994 [ACD94], better production and polarization strate-
gies have advanced hyperpolarized 129Xe imaging to resolutions substantally below 1 mm2
in animal models and humans.
Since its initial demonstrations, 129Xe methods have evolved for broader applications. For
instance, 129Xe has moderate solubility in the blood, and has been used in perfusion studies
as well as T 1 contrast in the brain [RSN16]. One emerging field involves the sensitivity
of 129Xe nuclear spins to perturbation of their surrounding electron clouds to distnguish
between freely dissolved gas and bound gas through a technique known as chemical exchange
saturation transfer (CEST), or more specifically in the case of 129Xe, hyper-CEST [SPR13].
This has been demonstrated using a scaffold materials such as cryptophane cages [SPR13],
and has been explored for variety of in vitro investigations from protease activity [WD16]
to human blood brain barrier integrity [SSR15]. Overall, SEOP applications represent a
promising strategy of hyperpolarization both as assessments of fundamental mechanisms as
well as emerging medical applications.
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2.5 Parahydrogen
As we’ve seen so far throughout this section, the ability to generate nuclear polarization sev-
eral orders of magnitude above what is possible at thermal equilibrium can be approached
several ways, often by exploiting the rich electron density surrounding these nuclei which
are easier to manipulate by laser or other conditions. However, for settings where aggressive
thermal or optical conditions are not feasible, what other strategies introduce the neces-
sary polarization for biological application? As it turns out, two major strategies exist -
parahydrogen-induced polarization (PHIP) and its more recent sister technique, signal en-
hancement by reversible exchange (SABRE) - which introduce hyperpolarized states into a
variety of compounds via the attachment of a spin isomer of hydrogen known as “parahy-
drogen” often abbreviated para-H2. Discussed further in Section 2.5.1, the enrichment of
compressed H2 gas into nearly pure parahydrogen can be used to attach highly polarized
nuclei onto molecules of interest such as biological probes and produce many orders of mag-
nitude enhancements in magnetic resonance signal.
The existence of hydrogen’s two spin isomers, ortho- and para-H2, was demonstrated
as early as 1929 by Paul Harteck and Karl-Friedrich Bonho¨ffer by assessing the thermal
conductivity of H2 after cooling [BH29]. Following this work, investigations of materials
such as B2H6 [FS34] and free radical formation [Sac37] using para-H2 were performed shortly
after. It wasn’t until 1983 that para-H2 was observed by NMR, and sadly misinterpreted as
a form of chemically-induced DNP [SBF83]. The earliest directed application of para-H2 in
NMR was proposed in 1986 [BW86a] and demonstrated by Bowers and Weitekamp in 1987
during the gas-phase hydrogenation of acrylonitrile [BW87]. This sparked countless works
from catalysis [TJS17] to fundamental physics [IB15], even extending to applications as far-
fatched as astronomical phenomena [PG95]. But arguably the most exciting application for
biomedicine has been the development of various hyperpolarization techniques using para-H2
as a source of spin order, which will be expanded upon in this section.
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2.5.1 Ortho- and Parahydrogen
To understand the effect of para-H2 on a spin system, an explanation of H2 and the conse-
quences of its symmetry must first be given. In quantum mechanics, a mathematical term
known as a wavefunction is a crucial tool for describing relevant systems. The wavefunction
of a system by definition describes a given system completely, meaning that if all components
of its wavefunction are known, all possible properties can be determined. Often applied to
systems such as atomic orbitals or electron position, one of the most basic examples is the
1s electron of a hydrogen atom, which can be described completely as exp−ar, where r is
the distance from electron cloud to the nucleus and a is simply a constant [Kee02]. Wave-
functions are, in essence, comprehensive mathematical functions containing physical terms
such as position, charge, time, etc.
Beyond simple spin magnetization, additional laws determined by statistical mechanisms
dictate the properties of nuclei [Hol04,Lev75]. Nuclei which display whole integer spins (I =
0, 1, 2, 3...) are referred to as “bosons” and are governed by Bose-Einstein statistics, which
differ from nuclei with half-integer increment spins (I = 1/2, 3/2, 5/2, ...) called “fermions”
governed by Fermi-Dirac statistics. As an I = 1/2 nucleus, 1H must obey Fermi-Dirac
mechanics, meaning that its total wavefunction results in antisymmetry during the exchange
of fermions, and that the total wavefunction be odd according to the Pauli principle:
Ψtot(A,B) = −Ψtot(B,A) (2.12)
This can be expanded to good approximation [SC95] as a product of independent parts
representing translation (tran), vibration (vib), electronic motion (elmo), rotation (rot) and
nuclear spin (nspin) [NB97a]:
Ψtot = Ψtrans ·Ψvib ·Ψelmo ·Ψrot ·Ψnspin (2.13)
Because the translational, vibrational and electronic motion components are all symmet-
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ric and not excited at room temperature, they are not affected by manipulations considered
here. The wavefunctions of nuclear spin and rotation, therefore, are most important to the
total wavefunction. From this, the product of these terms, which can each be symmetric or
asymmetric, must be antisymmetric to satisfy the conditions of Ψtot, where even rotational
states J = 0, 2, 4... are symmetric and odd states J = 1, 3, 5... are antisymmetric while nuclei
are exchanging. Given the requirements of Ψnspin to be symmetric or asymmetric, four pos-
sible combinations exist since direct product basis cannot be applied in cases of symmetry
(i.e. |αα〉 = |αα〉 but |αβ〉 6= |βα〉) [Bur08]:
|T+1〉α,β = |αα〉 = |T+1〉β,α (2.14)
|T0〉α,β = 1√
2
(|αβ〉+ |βα〉) = |T0〉β,α (2.15)
|T−1〉α,β = |ββ〉 = |T−1〉β,α (2.16)
|S0〉α,β = 1√
2
(|αβ〉 − |βα〉) = −|S0〉β,α (2.17)
Interconversion of the molecule rotating 180◦ causes a change in orientation of the nu-
clei resulting in a rotational wavefunction value of J = 1, however 0◦ or 360◦ results in no
sign change of the wavefunction since these processes respond to J = 0 and J = 2, re-
spectively [WF12]. Taken altogether, when even rotational quantum numbers are observed
(J = 0 or 2), Ψnspin must lead to antisymmetric states to satisfy Ψtot, and vice versa (sym-
metric Ψnspin states creates even J). Because these symmetric Ψnspin states can adapt three
different vector orientations when under external magnetic field, this spin isomer, referred to
as orthohydrogen (ortho-H2), is said to exist in a triplet state (|T+1〉, |T0〉, |T−1〉) while the
antisymmetric Ψnspin isomer, referred to as parahydogen (para-H2), exists in a singlet (|S0〉).
Approximations of these states can be visialized in Figure 2.3 [Rot10].
Because even rotational quantum numbers are preferred, one important conclusion from
this is that para-H2 exists as the lower energy spin isomer. If J = 0 is to be considered the
ground rotational state, the consequence of this restriction demands that as molecules are
significantly cooled to very low temperatures into their ground rotational states, they are
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Figure 2.3: Hydrogen nuclear spin vectors aligned under external magnetic field.
consequently enriched into the singlet para-H2. Quantum mechanics tells us that energy of
angular momentum PJ can be expressed by [Cai13]:
EJ =
h2
2I
J(J + 1) (2.18)
and thus the rotational temperature could be calculated as:
θR =
h2
2Ik
(2.19)
Using this temperature (θR) for H2 at 86 K [Sil80], the energy difference between J = 0
and J = 1 can be calculated as 2kθR, or 171 K [Cai13]. From this, one can conclude that
in a high temperature regime (T  θR) such as room temperature, a limitation to the
enrichment of the para-H2 state is reached, and generally only 25% para-H2 is observed,
i.e. ρ = para−H2
para−H2+ortho−H2 =
1
4
. This is the ambient contribution of para- and ortho-H2
present in all hydrogen gas used at room temperature without special preparation, whether
it is known or consequential to the user or not. However, as temperatures are lowered (T
≤ θR), rapid population of the J = 0 state is obtained, as shown in Table 2.1 [Anw04]. This
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presents many convenient avenues to produce para-H2 enrichment, as 77 K environments are
easily obtained by immersion of compressed H2 gas into an environment cooled by liquid N2
producing ∼50% enrichment, as well as temperatures 10 K < T < 20 K via compressed He
cryostats, producing ∼99% enrichment.
Temperature (K) Para-H2 Fraction (%)
300 25.06
200 25.25
150 28.58
100 38.51
80 46.4
77 50.33
60 65.17
40 88.5
20 99.79
18 99.9
Table 2.1: Parahydrogen enrichment across various temperatures.
There is one more aspect to consider beyond the energy gaps between rotational and
nuclear spin. While the J = 0 state may be favored below the θR of H2, the conversion
from ortho- to para-H2 itself must also be accessible. As it turns out, this conversion where
both J and S states are changed simultaneously is forbidden by classical selection rules of
angular momentum [Her13, BW76, XZ90], resulting in exceedingly low efficiency. However,
hyperfine interactions of H2 nuclei with surrounding nuclei and electrons during a collision
on a catalytic surface can dramatically increase this conversion probability. By flowing H2
gas over a cooled reactor bed packed with appropriate catalyst (typically activated charcoal
or iron oxide [TS41,EH32]), catalyst interactions break the symmetry of ortho-H2 molecules,
leading to rapid enrichment of para-H2 on the timeframe of experimental need. This last
component, a simple addition to a dedicated para-H2 gas reactor often referred to as a
“polarizer” (not to be confused with the reactor systems where hydrogenations occur and
44
polarized, liquid samples are ejected, inconveniently also described as polarizers) allows sim-
ple compressed H2 gas to be enriched to anywhere from 50 to over 99% depending on cooling
strategy. Following this conversion, the para-H2 remains enriched even after warming to
room temperature due to the same selection rules, and distribute to even J rotational states
without effecting nuclear spin. Once formed, fresh para-H2 gas can be used immediately
in experiments or stored in cylinders for several days, typically only compromised through
paramagnetic impurities such as 16O2 [Wag14].
One rather ironic aspect of para-H2 production is that pure singlet states are not visible
directly by NMR. Due to their even population of |α〉 and |β〉 states, no net magnetiza-
tion is produced and observed in magnetic resonance. This means that para-H2 production
can be monitored rather conveniently by comparing the signal intensity of H2 under enrich-
ment conditions and a reference spectrum, typically H2 which bypasses the catalyst bed and
maintains a 3:1 ortho:para ratio. The fraction of para-H2 (f ) can then be determined by the
following [Bur08]:
f = 1−
(
3
4
Aortho
Apara
)
(2.20)
where Aortho and Apara represent the peak areas of ortho- and para-H2, respectively.
As we will see for the rest of the chapter, the spin order of para-H2 can be used, among
other things, to introduce hyperpolarization into a chemical system directly without relying
on extreme temperature changes and external light irradation. A typical setup for a para-H2
generator can be built-in house on the order of a few hundred dollars and provide para-H2
enrichment for as long as compressed H2 and liquid N2 are available.
2.6 Parahydrogen-Induced Polarization (PHIP)
After the production of para-H2 outlined in Section 2.5.1, the ability to introduce observable
nuclear hyperpolarization directly by attachment of para-H2 onto a target molecule can
be achieved. The initial demonstration of this phenomenon by Bowers and Weitekamp
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[BW87] showcased this by attachment of para-H2 to an unsaturated carbon-carbon bond in
a hydrogenation reaction, resulting in hyperpolarized signals of the nascent product protons.
This technique, coined “parahydrogen-induced polarization” (PHIP), has since developed
into a hyperpolarization strategy of generating unsaturated precursor molecules which, upon
hydrogenation, form product molecules of interest with large polarizations on product sites.
Product 1H polarizations can even transferred and preserved through various sophisticated
methods explored later following para-H2 attachment.
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Figure 2.4: General mechanism for parahydrogen attachment to a terminal alkene site.
PHIP reactions generally require a catalyst which serves to provide a site or surface for
substrate material and para-H2 to coordinate in close proximity, and for exchange of hydride
atoms onto the alkene (or in some cases, alkyne), as shown in Figure 2.4. Because product
hyperpolarized signal decays through T 1 mechanisms, an efficient catalyst is also needed to
hydrogenate significant quantities of substrate into detectable product on the order of several
seconds, since organic protons rarely exhibit T 1 values exceeding 5 seconds even under inert
conditions. However, an important step to this process has not yet been addressed, which
is that pure para-H2 exhibits no spin angular momentum, and is not directly observable
by NMR. Using product operator notation introduced in Section 1.5.2, the initial state of
para-H2 can be expressed as [Bur08,Anw04]:
S0 = |S0〉〈S0| = 14
4
− (IxSx + IySy + IzSz) (2.21)
where IxSx and IySy are traditionally referred to as zero quantum coherence. In addition
to the IzSz term, this term commutes with the Hamiltonian [Cai13], and hence does not
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contribute to NMR signal.
[ρmix, Ii + Si] = 0 (2.22)
However, upon entering different chemical environments, such as after attachment of each
hydride onto a carbon with different substituents and couplings, the terms of Equation 2.22
no longer apply when ωI 6= ωS [Bur08],
[ρ mix , Ii − Si] = i (2IjSk − 2IkSj) (2.23)
where the magnetic difference allows ρ mix the possibility of evolving due to B0 as well as B1
of an applied pulse. We will see that the effect of B1 rotation gives rise to distinguishable an-
tiphase spectral contributions following PHIP hydrogenation (Section 1.5.2) [Bur08,Bow07].
What this means is actually quite convenient - delivered para-H2 maintains its spin order
until it is split and attached to unsaturated carbons forming a hyperpolarized product, where
its polarization can then be observed by RF pulsing. However, this adds the strict constraint
that each hydride must be added together to the same molecule. This mechanism, referred
to as “pairwise addition”, requires optimized catalyst conditions which favor this mechanism
over mixing with other coordinated hydrides, yet fast enough to avoid significant relaxation
prior to measurement. The likelihood of this pairwise addition occuring is controlled through
a variety of factors typically relating to the organic compounds stabilizing the reactive metal.
Some of the most significant progress in the field of PHIP can be attributed to the evolution
of available catalysts and the broadening of their applications, which will be explored in
more detail in following chapters.
2.6.1 PASADENA
The initial predictions [BW86b] and soon after demonstration [BW87] of PHIP used a
methodology reflected in the publication’s title, Parahydrogen and synthesis allow dramatic
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enhancement of nuclear alignment, or “PASADENA”. These conditions describe a hydro-
genation being performed at high magnet field, typically inside the bore of a high field
spectrometer magnet. This scenario describes an immediate transformation from a strongly
coupled A2 to weakly coupled AX Hamiltonian system. Under these conditions, use of en-
riched para-H2 will lead to selective population of the central ms states corresponding to
|αβ〉 and |βα〉 as shown in Figure 2.5a, producing a characteristic spectrum of anti-phase
doublets shown in Figure 2.5b.
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Figure 2.5: a) Hydrogenation under high magnetic field causes projection of ρ0 onto an AX
spin system, resulting in high population of |αβ〉 and |βα〉 states, leading to b) antiphase
NMR spectrum upon observation.
To more thoroughly describe this system, consider the product operator basis for the
process of PHIP under PASADENA conditions. The initial singlet state can be expressed
as the following:
ρ0 =
14
4
− (I1xI2x + I1yI2y + I1zI2z) (2.24)
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Which, immediately following hydrogen attachment, causes evolution of the first and second
terms:
I1xI2x → [cos (ω1t) I1x + sin (ω1t) I1y] [cos (ω2t) I2x + sin (ω2t) I2y]
I1yI2y → [cos (ω1t) I1y − sin (ω1t) I1x] [cos (ω2t) I2y − sin (ω2t) I2x]
(2.25)
Under reaction conditions where para-H2 is delivered suddenly, however, hydrogenations
are occuring at uneven rates and over a time interval, essentially allowing the coherence of
transverse states to scramble leading to the negation of these terms in Equation 2.25, leaving
the initial state relevant to calculation under PASADENA conditions as ρ0 =
14
4
− I1zI2z.
Demonstrations of re-establishing coherence of product mixture have been shown by rapidly
flipping proton spins back and forth [GJ05], resulting in the preserved spin state of the initial
solution until the reaction has run to completion such that pulsed molecules experience
synchronized evolutions [BBA08].
2.6.2 ALTADENA
Soon after PASADENA was introduced, a separate strategy of generating hyperpolarized
PHIP spectra was introduced. This method, termed adiabatic longitudinal transport after
dissociation engenders nuclear alignment, or “ALTADENA” [PW88]. ALTADENA differs in
that the hydrogenation using para-H2 occurs outside of the high field magnet at Earth field,
and is then transported into the high field magnet immediately before measurement. The
main consequence of this is that during the hydrogenation, the singlet state of para-H2 is
preserved. Because chemical shift is field-dependent, no significancant chemical shift exists
between the two hydride atoms after attachment onto the substrate molecule at very low
field. Once the reaction is complete and the sample is inserted into the magnet, either by
placing a tube inside or flowing the reaction mixture, this transition from low to high field
establishes a gradient of increasing magnetic field onto the sample, resulting in a smooth
transformation the relevant Hamiltonian. Quantitatively, this process is characterized by
adiabatic transport [Mes58]. As this transformation happens smoothly, the total quantum
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state must maintain its projections onto the instantaneous eigenstates of the Hamiltonian
[BBL96]. Because of this smooth transition, |S0〉 and |T0〉 will be projected onto either |αβ〉
or |βα〉 respectively, or vice versa depending on the sign of (ωI−ωS)/2piJ [Bur08]. Spin state
contributions from the para-H2 therefore only populate the |αβ〉 or |βα〉 state as opposed
to both, leading to charactistic in-phase hyperpolarized peaks representing absorption and
dispersion contributions as shown in Figure 2.6.
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Figure 2.6: a) Hydrogenation at low magnetic field followed by insertion into high field causes
high population of |αβ〉 or |βα〉 states as opposed to both, leading to b) in-phase doublets
appearing in NMR spectra following a 90◦ pulse.
The meet the conditions for true adiabatic transport, changes involving the Hamiltonian
must occur at significantly slower rates than the fastest motion caused by the Hamiltonian
[Bur08]. This means that within the time regime of NMR, classically considered as T =
1/ω0 = 1/γB0, this can be described as the following:
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∣∣dT
dt
∣∣ = 1
1
ω0B0
dB0
dt
= 1
~G·~v
B0ω0
= 1
|~v| = ω0B0|~G|
(2.26)
where ~v is the velocity of hydrogen gas ramping in magnetic field as it enters the bore of the
magnet by a field gradient ~G. For a typical vertical magnet bore of a 600 MHz magnet in
which around one meter is needed to transition from Earth field to securely positioned inside
the bore for measurement, this demands that |~v| ∼ 10 x 106 m/s to not adhere to adiabatic
conditions, a safe margin for routine experiment [Bur08].
Another important consequence of these methods beyond the equipment considerations
is the optimal pulse conditions for their observation during PHIP. This can be understood
through expansion of density operators, which are outlined briefly here but the reader is
encouraged to pursue further elsewhere [NB97b,Lev08,Kee02]. The initial density operator
(ρ) of para-H2 can be expressed as the following:
ρ para = |Ψ〉〈Ψ| = 1
2
|αβ − βα〉〈αβ − βα| = I1I2 = I1xI2x + I1yI2y + I1zI2z (2.27)
which remains unresponsible to RF pulses or magnetic field changes while constrained to an
A2 system. Once this symmetry is broken, and the para-H2 atoms occupy discreet magnetic
environments projecting them onto an AX system, most of these terms are disrupted and
only longitudinal contributions are considered:
ρ para = I1z + I2z (2.28)
Under PASADENA conditions, which involves the population of both |αβ〉 and |βα〉 states,
can be described through a density operator directly as
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ρPASADENA = |αβ〉〈αβ|+ |βα〉〈βα| (2.29)
After application of an RF pulse using a certain flip angle (φ) and phase (γ) the hydrogen
density operator under PASADENA conditions transforms into [Rot10]:
ρ PASADENA (φ) = cos
2(φ)I1zI2z + cos(φ) sin(φ) (I1zI2x + I1xI2z) + sin
2(φ)I1xI2x (2.30)
Within this expansion, only the second term (I1zI2x+I1xI2z) creates observable magnetization
after the pulse is applied. This is where distinct antiphase doublet formation is derived, which
is maximized at φ = pi
4
, or 45◦.
ALTADENA, however, undergoes different evolution due to the effect of its selective
population at low field. Because Hamiltonian projection under ALTADENA occupies |αβ〉
or |βα〉, its density operator can be described as |αβ〉〈αβ| or |βα〉〈βα|, giving rise to the
following [Rot10]:
ρALTADENA = I1zI2z ± 1
2
(I1z − I2z) (2.31)
Following application of a pulse with flip angle (φ) and phase, this causes an evolution of
the density operator under ALTADENA conditions into the following:
ρALTADENA(φ) = cos(φ) sin(φ) (I1zI2x)± 1
2
sin(φ) (I1x − I2x) (2.32)
One can see that the first term cos(φ) sin(φ)(I1zI2x) also appears in the PASADENA expres-
sion in Equation 2.30, which leads to the generation of anti-phase doublets, in addition to the
second term ±1
2
sin(φ)(I1x−I2x) generating doublets. The combination of these terms means
that application of low flip angle pulses (φ < 90◦) causes partial cancellation of inner lines
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from anti-phase and in-phase doublet formation. For φ = 90◦, however, anti-phase peaks are
negated and pure in-phase doublets are displayed as shown in Figure 2.6 [Rot10]. Hence,
most observation conditions under high field such as original PASADENA work [BW87]
and other high field pulses like PH-INEPT+ [HNB96, SBS17] begin with 45◦ pulses while
ALTADENA conditions are optimized for 90◦ excitation upon insertion into the magnet.
2.6.3 Signal Amplification by Reversible Exchange (SABRE)
As recently as 2009 [AAA09], a parallel technique to traditional PHIP was demonstrated in
which para-H2 was can be coordinated to a metal complex, usually an Ir-derived catalyst
similar to Crabtree’s catalyst [CM77], and transfer polarization from para-H2 spontaneously
onto a substrate without hydrogenation. This technique was named Signal Amplification by
Reversible Exchange, or “SABRE”. The essential mechanism is for a substrate, in many cases
a nitrogenous ring compound such as pyridine or imidazole, to coordinate to a catalyst metal
simultaneously to both para-H2 atoms, for polarization transfer onto the substrate to occur
spontaneously and reversibly through spin-spin couplings. This spontaneous polarization
transfer is often favored by control of external magnetic field, usually in the mT range,
as matching the field to J -couplings of interest facilitates this transfer. SABRE at high
magnetic fields, however, has been demonstrated [BKK14,KKS17]. A general comparison of
PHIP and SABRE mechanisms is presented in Figure 2.7 [KPS18].
One of the largest restrictions of traditional PHIP is the limited scope of available small
molecule substrates able to form hyperpolarized probes upon hydrogenation. Synthesis
strategies are generally needed to create unsaturated precursors, which in many cases undergo
rearrangements preventing hydrogenation or display unfavorable J -couplings for polarization
transfer. In addition to this, precursor molecules are irreversibly altered after hydrogenation
and cannot be recycled. SABRE offers intriguing advantages in this regard. Demonstrations
have been showin with SABRE regarding nitrogen rings [BSC16, BSC16], heterocyclic ni-
trogen compounds [FRG17], diazarines [SLC17], heterocyclic sulfur-containing compounds
[SBC16a], and others. There have also been adaptations to SABRE employing magnetic
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Figure 2.7: a) General schematic of PHIP. Pairwise addition of para-H2 at unsaturated
sites breaks the symmetry of hydride atoms, and J -couplings to heteronuclei such as 13C or
15N can be used to create long-lived signals. b) SABRE mechanism, in which spontaneous
polarization transfer occurs through J -coupling interactions between para-H2 atoms and
substrate nuclei. This transfer can be favored by matching couplings to external magnetic
field. Reprinted with permission from Wiley [KPS18].
field cycling via µ-metal shield known as SABRE-SHEATH [TTC15]. While most existing
SABRE methods are optimized for organic solvents and heterogeneous catalysts immobilized
on scaffold materials have reported only modest enhancements [SCW14b,SCW15,KKG17],
aqueous SABRE has been demonstrated [TSH14,CEL17a,SRE16,RGB15] and the high ef-
ficiency of 15N hyperpolarization [BSC16] has been an attractive advantage to SABRE as
nitrogen is pervasive in biologically relevant compounds and exhibits long relaxation proper-
ties accessible to SABRE [TOL16]. While no fully automated SABRE polarizer systems have
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been demonstrated, polarizers optimized for applications capitalizing on SABRE’s advan-
tages could be designed. This includes in vivo investigations, once biocompatible conditions
have had time to develop.
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CHAPTER 3
Strategies and Mechanisms of PHIP
3.1 Homogeneous Catalysis
Since its discovery in the late 1980’s [BW87], the evolution of catalysts and their use in
PHIP have played interesting and synergstic roles, as some of the earliest applications of
PHIP have been elucidation of previously unidentified reaction intermediates and catalytic
mechanisms [DNE94,GHA00,OHS00,KB01,PE02]. Even from its initial discovery [BW87],
PHIP has largely made use of a rhodium triphenylphosphine chloride catalyst complex known
as Wilkinson’s Catalyst, often abbreviated Rh(PPh3)3Cl, as a suitable catalyst. Once ac-
tivated with molecular H2 as shown in Figure 3.1, this species creates a 16-electron system
with an additional vacant coordination site, allowing the addition of an unsaturated bond
such as an alkene to form an 18-electron complex. Following the addition of H2 onto the sub-
strate material, the product is ejected and the catalyst complex is recycled allowing further
reaction cycles [HOZ77]. The high surface area and accessibiity of dissolved RhIII centers
can allow high turnover efficiencies to produce significant product material in PHIP within
the T 1 of protons.
As previously mentioned, one of the major requirements for observation of PHIP is
that during hydrogenation, both hydride atoms are added together onto the same prod-
uct via pairwise addition. Another key element to the success of Wilkinson’s-type cata-
lysts in PHIP is their mechanism, in which a dihydride complex (i.e. [RhH2Cl(PPh3)2])
creates an ideal attachment site for alkenes in which both H2 atoms are added together
by default, making the likelihood of observable polarization instrinsically high. This cat-
alyst strategy quickly evolved from unmodified Wilkinson’s Catalyst [BW87] to more fa-
vorable organic ligands such as phenyl-β-glucopyranoside (Ph-β-glup-OH) [HNB96], cy-
clooctadiene (cod) [KE89], norbornadiene (nbd) [GAJ01a], tris(hydroxymethyl)phosphine
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Figure 3.1: Mechanism of homogeneous Wilkinson’s Catalyst. First, (1) molecular H2 is
first attached to the metal center via oxidative addition followed by (2) coordination to
unsaturated bond producing a fully coordinated intermediate. From there, (3) hydride atoms
are attached onto the substrate bond via reductive elimination until (4) both hydrides are
added and hydrogenated product material is ejected.
(THP) [SCW12a], [1-4-Bis(diphenylphosphino)butane] (dppb) [RAG14], and many others.
In the last 10 years or so, optimization of these ligand environments has enabled Rh-based ho-
mogeneous catalysts to work effectively in water [SCW12a,ZCS11,SCW14a,SNT14,CST16],
allowing the investigation of aqueous metabolites and in vivo experiments.
While homogeneous catalysts offer generally high turnover and PHIP efficiency mate-
rials for fundamental investigations, they pose boundaries for translation into biomedical
applications. An initial boundary exists in that while water-soluble complexes have been
demonstrated, comparably few derivatives exist relative to the wide selection of catalysts
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optimized for organic solvents, and achievable polarizations are often lower. This is evident
in many initial demonstrations of biological compounds in which water mixed with ethanol
or methanol is used to produce suitable polarizations [SNT14], in part due to the particularly
poor H2 solubility in pure water. A second, and arguably more pressing limitation is the
toxicity concerns introduced by soluble transition metal complexes necessary for production
of PHIP products. Once dissolved, these complexes are not separable, at least not within
the relevant T 1 of hyperpolarized nucleus. This means that solutions produced using sol-
uble catalysts are unable to be injected into human patients without the use of significant
purification methods not yet accessible.
Because of the undeniable advantages of producing polarization in non-aqueous solvents,
several methods have been proposed to rapidly extract product mixtures from organic into
aqueous phase. One approach optimized for a PHIP is known as side arm hydrogenation
(PHIP-SAH), in which a hydrogenation site is introduced via cleavable ester onto a carboxyl
group. This results in a system where para-H2 can be introduced via hydrogenation and the
resulting 1H polarization then transferred onto the 13C of the ester carbonyl by RF pulsing
or other methods, and the ester group cleaved into the compound’s native carboxyl group by
sudden introduction of base [RBA15,KYM18,KMG17]. Because of the higher water solubil-
ity of cleaved, biological metabolites over most homogeneous catalysts and their uncleaved
counterparts, efforts to preferrentially extract hyperpolarized product into pure water with-
out catalyst have been demonstrated [RBA15,CCA18] and applied to both in vitro [CCA17]
and initial in vivo [CCS18] investigations. Another recent approach involving the rapid fil-
tration of an Ir-based catalyst optimized for SABRE by a combination of phase extraction
into water and thiol-functionalized silica material demonstrated final metal concentrations
on the order of part-per-billion [BKL18]. A third broad strategy to this problem comprising
the majority of work presented here is to eliminate the homogeneous catalyst entirely, and
instead to develop and optimize a heterogeneous catalyst system capable of rapid removal
by virtue of its size and structure relative to the solvent. An introduction to this approach
and its progress is given in Section 3.2.
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3.2 Heterogeneous Catalysis
3.2.1 Gas Phase
The pursuit of achieving highly non-equilibrium spin polarizations via PHIP has taken many
forms. The relatively recent optimization of liquid phase PHIP mechanisms for broader
applications in medicine poses concerns of expensive catalyst recovery and biologically rel-
evant separation. In fact, these efforts are formed in conjunction with a large body of
achievements in gas phase reactions using PHIP offering advancements from catalytic mon-
itoring [KKB07] to reaction imaging [BKB07, BBA08, BRS17, KBC14, KKB07, TZA10] to
materials science [ZMX17,WHX18,BBP18], including the initial demonstration of PHIP it-
self [BW87]. In these systems, reactions inherently follow a different set of parameters by
virtue of being heterogeneous, meaning that the catalyst exists in a different phase relative to
the reaction mixture. Because gas phase catalyst material would only apply in a SEOP-type
reactor (see Section 2.4), gas phase reactors in PHIP essentially all belong to the discipline
of heterogeneous PHIP, often abbreviated “HET-PHIP”.
Gas phase HET-PHIP poses advantages to liquid systems which immediately become
obvious. Solid catalyst material can be packed into a reactor bed, whether physically con-
tained inside of glass wool or immobilized onto porous surfaces or beads, and designed to
expose themselves to reactant gas flowing over them with high contact probability either
immediately before detection coil or even inside of it for real-time monitoring. Transition
metals used in the formation of most PHIP catalysts can be quite expensive, often exceeding
$300/g, which is partially resolved by the inherent separation of gas-phase materials allowing
them to be recovered. Metal oxide formation on the surface of these catalysts can even be
reduced by heated H2 flow in situ in many cases, maximizing reaction efficiency and extend-
ing use of the material, all without worry of solvent solubility. The much lower densities and
relaxation timeframes of gases relative to liquids introduce their own separate complications,
however.
The materials used in gas phase HET-PHIP vary from system to system. Along with
liquid phase systems, they all share use of platinum-group metals (Pt, Pd, Ir, Rh, etc) as
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catalytic sites for hydrogenations. Early iterations of these catalysts involved the covalent
tethering of single-atom complexes such as Wilkinson’s Catalyst onto metal scaffold materi-
als such as SiO2 [BBA08,TZA10] or the bubbling of reactant gas through catalyst dissolved
in solution [KBS14]. However, due to the logistical contraints of introducing liquids and
organic complexes which may boil and decompose over time in reactors optimized > 100◦C
conditions, most HET-PHIP efforts in gas phase have investigated catalysts immobilized onto
solid supports e.g. SiO2, TiO2, Al2O3, CeO2 and others. Much work has gone into the opti-
mization of transition metals contained in these materials as nanoparticles for hydrogenation
of propylene and butene gases, for instance [ZZC15,BKG17,KBB08,BKB18,ZKB11,OLH17],
such as that shown in Figure 3.2 [KTB14]. Immobilized catalysts have even allowed investi-
gation of catalytic mechanisms occuring on the surface in HET-PHIP, undergoing a “pairwise
replacement” mechanism challenging traditional Horiuti-Polanyi mechanics [HP34,ZZC15].
One of the major research investments in gaseous HET-PHIP is to overcome the in-
credibly low likelihood of pairwise addition to occuring during hydrogenation of bare sur-
faces, a necessary component to harvesting hyperpolarization. The mechanism of hydro-
genation on a bulk metal surface is not neatly concerted around a single metal center as
it can be in soluble metal complexes (see Figure 3.1). Instead, molecular hydrogen atoms
chemisorb onto the metal surface and dissociate prior to attachment onto nearby unsatu-
rated bonds [CSS96,WF05,Zae17] and are capable of movement across the surface [RFS77]
or even into the lattice structure of the transition metal [JDU92, TVH06] or support ma-
terial [SR85]. This means that without a guiding mechanism to align hydrides onto the
same substrate molecule after chemisorption, observable polarization during PHIP reactions
is unlikely. Systematic studies mentioned above have shown that well-designed shape and
size control of metals in addition to their interactions with support metals (e.g. TiO2, SiO2)
can produce pairwise addition above that expected from an optimized surface, producing
observable 1H polarization. Recent developments in catalytic materials have demonstrated
multiple metal alloys [BBP18,WHX18, ZMX17] and support structures [ZXH16] capable of
achieving higher polarizations by HET-PHIP. Another avenue currently being explored is
the use of single-site catalysts in PHIP, which significantly lower material cost and display
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Figure 3.2: a) Experimental design, along with b) hyperpolarized and c) thermal NMR
spectra of propane-d6 formation from propene-d6 at 9.4 T after 8 and 32 scans, respectively.
Reproduced with permission from published material [KTB14], American Chemical Society,
Copyright 2014.
higher per-atom efficiency in addition to guide potentially new mechanisms of facilitating
pairwise additions [BKB18, KBK18]. The highest polarization shown in gas phase HET-
PHIP was achieved in our group through the decoration of immobilized Pt metal particles
with mercaptobenzoic acid (MBA) [SB12], an approach which immediately inspired work in
liquids and will be discussed in great detail in the following section.
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3.2.2 Liquid Phase
As the physics and reaction conditions comprising early PHIP work were explored in liquids,
the priority was to optimize reaction efficiency as gas-phase work evolved into liquid phase
solutions. This meant that the adaptation of PHIP into aqueous solutions was quite slow.
The relatively poor solubility of olefins due to their unsatured bonds in water, in addition
to the H2 gas itself, led to relatively low conversion and polarization rates. In addition,
water is often responsible for the hydrolysis and inactivation of metal complexes, making the
development of stable complexes even more nuanced. Without an feasible biological path
in sight necessitating the removal of catalysts, the challenges that come with developing a
heterogeneous catalyst system for liquids were not yet heavily explored.
In fact, it wasn’t until 2005 when a robust water-compatible homogeneous catalyst, a Rh
complex stabilized by 1,4-Bis[(phenyl-3-propanesulfonate)phosphine] butane, was demon-
strated [BHL05a] during an in vivo assessment of ultra-fast 13C imaging via PHIP in rats.
This galvanized a number of works to develop water-compatible catalysts using a variety of
monodentate and bidentate ligands [BKH00,KVN11,SCW12a], revitalizing the momentum
to investigate a variety of biologically relevant compounds [HCH09b,ZCS11,BCR11,CHN08,
MJM07,IEK07,SCW12b,RBA15]. In addition to increasing the scope of available substrates,
this work also led to the development of pulse sequences [GJ05, CCS13, HNB96, KYM18],
polarizer developments [CST16, AGL14] and even emerging derivative techniques [AAA09]
advancing the application of parahydrogen for aqueous production of biological probes. Still,
the rapid and complete removal of catalysts presented a barrier to be crossed one day, leading
a work by Shchepin et al. in 2012 to refer to an efficient heterogeneous catalyst in water
as a ‘holy grail’ in the PHIP community, capable of unlocking its true biological poten-
tial [SCW12a].
Unfortunately, the initial boundaries to developing a heterogeneous catalyst were not
dissimilar to gas phase efforts. Bulk metal analogues of transition metal materials could
in theory allow filtering or immobilization within the T 1 of hyperpolarized probes, but the
mechanics of their catalysis no longer favor the concerted addition of para-H2 atoms onto
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substrate material like liganded complexes do. Hydride atoms are free to diffuse across the
surface of bulk materials rapidly and randomize their orientations relative to a nearby alkene
awaiting hydrogenation [CSS96,WF05,Zae17]. This makes the probability of observable po-
larization significantly lower, with the added detriment of lower catalytic turnover frequency
(TOF) in liquid phase since liquid water cannot tolerate high temperatures (> 100◦C) used
in gas phase HET-PHIP for robust conversion. In addition to this, the sacrifice in surface
area-to-volume ratio presented when catalysis is only possible on the surface as opposed to
single metal centers in homogeneous catalysts made the development of high conversion,
high polarization HET-PHIP in water truly a pipe dream in the PHIP community.
In 2009, the first investigation of various catalytic metal nanoparticles immobilized inside
support structures (e.g. Rh on carbon, as well as Pt on SiO2, TiO2 and various other sup-
ports) was adapted for liquid phase PHIP in methanol and chloroform [BDL09]. This study
surveyed several organic substrate materials (methyl propiolate, styrene and 1-phenyl-1-
propyne), demonstrating a variety of species which liquid phase HET-PHIP could be applied
to. This catalyst strategy of nanoparticle impregnated support structures would later be em-
ployed in water to generate high conversion of 13C-ethyl acetate and 15N-ethyltrimethyl am-
monium materials upon PHIP hydrogenation of their precursors to demonstrate 13C [KBS16]
and 15N potential [BKB17], respectively.
Sharing the goal of advancing HET-PHIP, our research group sought to demonstrate
the ability of organic ligand coverage on the surface of bare metals to encourage pairwise
additions, and hence polarization. In 2012, an investigation of gas phase hydrogenations
showed that mercaptobenzoic acid (MBA)-covered Pt nanoparticles immobilized on TiO2
shown in Figure 3.3 are capable of producing propane with 1H polarization as high as 60%
from propylene [SB12]. The ligand coating is achieved by addition of MBA ligand to metal
salts before their reduction into particles, exploiting a well-known coordination of thiol groups
to transition metals [VTN96]. The substantial improvement of polarization over what is
observed without ligand contribution introduced a novel route of controlling the fate of
para-H2 through organic surface coordination on bulk metal surfaces. A few years later, a
Pt nanoparticle system stabilized by organic ligand (mercaptosuccinic acid) in liquid solvent
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Figure 3.3: a) Reaction of propene with parahydrogen to produce propane. b) 1H NMR peaks
showing no polarization effect in the product molecule vs c) 1H NMR peaks with 508-fold
signal (±78) enhancement of a methyl proton due to the polarization effect. Experiments
were conducted under identical conditions using ‘normal’ H2 in b) and 50% parahydrogen
in c) The spectra are represented in absolute magnitude mode to help us assess the signal
enhancement factor. Reprinted with permissions from Wiley [SB12].
was developed for the hydrogenation of styrene and other alkenes in methanol [IES14]. The
1H polarization was modest (P1H = 0.72%), but the possibility of extending liganded metal
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catalysts into liquid PHIP was shown to be possible for several starting materials. Adapting
this strategy into aqueous systems is expanded on in Section 3.3 and in the following chapters
comprises most of the original research presented in this work.
Since the introduction of ligand-capped nanoparticle catalysts, there have been other
aqueous HET-PHIP efforts to date. A Pt-Sn alloy immobilized in mesoporous silica was
recently developed and demonstrated in the hydrogenation of propane gas and HEP in
water [ZMX17], though reporting of accurate polarization was not possible. This catalyst
was later shown to induce signal enhancements of solvent water protons directly through a
mechanism termed surface waters are magnetized by parahydrogen, or “SWAMP” [ZMD18],
which expands possible mechanisms for generating and storing signal in aqueous solutions.
Taken together, a large effort to optimize HET-PHIP catalysis both in gases and liquids, and
more recently in water have become available and are currently a high interest development.
3.3 Initial Ligand-Capped Aqueous HET-PHIP Catalysts
The demonstration that metal-surface ligand interactions can guide pairwise hydrogenation
and need for suitable HET-PHIP catalyst in water motivated efforts from our research group
to advance this strategy for clinical applications. Despite in vivo applications as early as 2005
[BHL05b], it was not until 2015 that a heterogeneous PHIP catalyst capable of functioning in
water was demonstrated [GGE15]. Our group developed a Pt nanoparticle stabilized by the
tripeptide glutathione (GSH@Pt), and demonstrated a proton polarization of P1H = 0.25% in
water upon formation of the compound hydroxyethyl propionate (HEP) from 2-hydroxyethyl
acrylate (HEA). While HEP has no direct biological application, it’s polarization has been
been optimized for several specialized in vivo assessments of angiography and perfusion
[IEK07,MJM07,BCR11,SBS17,SBB18], and it is often used as a benchmark compound for
polarization and catalyst performance in the PHIP community.
The synthesis of these particles involves the formation of a coordinated metal-ligand
complex before chemical reduction shown in Figure 3.4. This interaction creates favorable
coordination strengths though hard-soft acid base (HSAB) theory [PP83], where PtII ions
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Figure 3.4: Synthesis and Characterization: a) Glutathione (GSH) and hexachloroplatinic
acid in water are reduced with NaBH4 to yield GSH@Pt nanoparticles. b) TEM image of the
nanoparticles, revealing an average size of 2.0 ± 0.6 nm. c) Top trace: 1H NMR spectrum
of GSH in D2O. Bottom trace:
1H NMR of suspended GSH@Pt. The line broadening
is due to increased dipolar interactions. d) Left: UV/Vis spectrum of H2PtCl6 in water.
The absorbance at 260 nm indicates dissolved platinum ions. Right: UV/Vis specrum of
suspended GSH@Pt. At 260 nm, no absorbance is observed, proving that no Pt ion is
present. Reprinted with permission from Wiley [GGE15].
act as a soft acid with high affinity for soft base (sulfur), creating a stable system which can
be dried and redispersed. Characterization of particle formation by UV/Vis and 1H NMR
confirm this interaction in the final GSH@Pt system. This initial aqueous HET-PHIP work
also demonstrated transfer of a polarization onto 13C, albiet modest at P13C = 0.013%, with
a custom polarizer to demonstrate compatibility with downstream medical applications. The
significance of storing 1H polarization on adjacent nuclei such as 13C is outlined in Section 3.4.
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Figure 3.5: a) Reaction of HEA to HEP utilizing para-H2. b) Hyperpolarized
1H NMR
spectrum shown in absolute values at B0 = 14.1 T. c) Thermal polarized
1H NMR spectrum
after the polarization at B0 = 14.1 T. The signal enhancement in the shown spectrum
accounts to ε = 145, which corresponds to a polarization of P = 0.7%. Reprinted with
permissions from Royal Society of Chemistry [GGE16].
Soon after in 2016, a new generation of liganded Pt nanoparticles was developed [GGE16]
using only purified L-cysteine (LCys) as ligand, the sulfur-containing amino acid in previ-
ous GSH@Pt work. Investigation of this particle system shows P1H of 0.7% is possible on
HEP shown in Figure 3.5, a new record at the time. This work advances several key as-
pects of liganded HET-PHIP, such as impact of particle catalyst on product molecule T 1,
[ligand]/[metal salt] ratio, surface area assessment of the particle via BET surface area mea-
surement, as well as recycling potential. Recycling experiments are crucial demonstrations
of both heterogeneity and application, and are shown for LCys@Pt in Figure 3.6. This work
also attempts to explain the coordination of the ligand by introduction of a LCys derivative
with an acetyl functionalization at the -NH2 site (N-acetylcysteine, NAC). In this work it
is proposed as a control experiment to demonstrate interference of a crucial binding mech-
anism, but as will be shown in later works, NAC employed in other metal systems can be
used to produce high polarizations [MGE17,MKM18].
These works together demonstrate the first robust pure aqueous HET-PHIP catalysts,
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Figure 3.6: Particle recycling experiments with higher ligand parts (Cys1.1.Pt) (blue trian-
gles), equimolar ligand particles (Cys1@Pt) (red circles) and NAC@Pt (black squares). The
added lines represent the average polarization values achieved with each particle. Reprinted
with permissions from Royal Society of Chemistry [GGE16].
capable of generating nuclear spin polarization near in vivo use through directed surface
ligand chemistries. These works motivated future catalyst and methodology developments
outlined in Chapters 4 and 5.
3.4 Transfer of Polarization
As previously mentioned, one of the largest logistical hurdles necessary for successful PHIP
applications is the storage of nascent 1H polarization beyond its untenable T 1 length. The
most established approach to this is to transfer polarization from 1H to nearby nuclei with
significantly longer T 1 such as
13C, 15N or even more exotic nuclei like 19F [KBB06,BTM10,
PBT13]. This has been achieved through various strategies of RF pulse application, which
will be examined in the context of PHIP in Sections 3.4.1 and 3.4.2, and also within parahy-
drogen research by physically cycling magnetic field between very low field (≤1 µT) and
Earth field. This mechanism will be expanded upon in Section 3.4.3.
68
3.4.1 PH-INEPT+
One of the most direct ways of manipulating nuclear spin in a solvent system is by applying
careful designed RF pulses to induce polarization from one nucleus to the next, in some
cases involving much more than two nuclei. While the inner mechanisms may be unexam-
ined in routine use, transfer of polarization from a higher sensitivity nucleus such as 1H to a
lower sensitivity nucleus is relatively common through pulse sequences like INEPT [MF79]
and HMBC [Fur12]. These pulses typically rely on closely coupled spins to the proton,
usually within 2-4 bonds away, since bond distance is typically a stronger, more easily con-
trolled interaction than through-space interactions more suited for spatial interactions such
as NOESY or ROESY. For determination of large structures such as intact proteins and their
ligand interactions, multinuclear pulses of this nature are used frequently [RPB10, KZZ08]
as chemical shift correlations with protons provide valuable insight. Within the context of
PHIP and the work presented here, three pulse sequences will be discussed as they are most
relevant: PH-INEPT+ and Goldman Sequence here, and ESOTHERIC in Section 5.4. It
should be noted however that other exciting pulse sequences have been developed for specific
applications which can be found elsewhere [CCS13,SFB96].
The pulse sequence Insensitive Nuclear Enhancement by Polarization Transfer, or “IN-
EPT”, is one of the most common 1D NMR sequences encountered in routine organic chem-
istry. Its basic mechanism can be described as a spin-echo where spins are flipped onto -y
before refocusing them onto the +y-axis, before a selective population inversion (SPI) phase
where a 180◦ pulse is applied simultaneously to both proton and the target heteronucleus,
transferring magnetization [MF79]. While it is used often in early 13C PHIP work, it is
popular in 15N investigations since the negative γ of 15N is not problematic in this transfer.
Only 6 years after the initial observation of PHIP [BW87], an INEPT variant termed
“INEPT+” was demonstrated on the catalyst complex IrH2Br(
13CO)(dppe) using para-H2,
where dppe = bis(diphenylphosphino)ethane [DNE93] using an adaptation of INEPT pro-
posed a decade earlier [SE83]. While an important development into the long-term applica-
tions of PHIP, this initial application produces mixed anti-phase terms instead of in-phase
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magnetization useful for generating images. Three years later, a para-H2 optimized pulse
sequence was proposed named PH-INEPT+ which solved this problem by beginning with
a 45◦ pulse as discussed in Section 2.6.2 as well as a refocusing delay at the end to gener-
ate in-phase magnetization [HNB96]. This sequence, displayed for a 1H-13C PH-INEPT+
experiment in Figure 3.7, can be thought of as acting on an initial para-H2 density matrix
of σpH2 = I1zI2z about to be attached onto a molecule adjacent to target nucleus Sz, and
evolve following PH-INEPT+ into the following [HNB96]:
sin(piJ12t1) sin(piJ1St1) sin(piJ1St2) cos(piJ2St2)/4Sx (3.1)
+ sin(piJ12t1) sin(piJ2St1) cos(piJ1St2) sin(piJ2St2)/4Sx (3.2)
where delay values (t1 and t2) are determined by JIS values. Another notable example of
the refocussing pulse in PH-INEPT+ is the ability to proton-decouple, adding significant
sensitivity to detection of the target heteronucleus.
45˚y 90˚y180˚ 180˚
180˚ 180˚90˚x
t1 t2
1H
13C
Figure 3.7: Diagram of PH-INEPT+ pulse sequence between 1H and 13C.
Following the inception of PH-INEPT+, a large body of PHIP work was made possible. A
variety of novel substrate materials from familiar probes like HEP [RKR10, SBS17, SBB18]
to barbituric acid derivatives [RKK10] to neurotransmitter precursors [SXZ13] and many
others were developed. PH-INEPT+ continues to be used in parahydrogen work, allowing
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transfer to 15N in SABRE work [ACD08, KKY18], has recently been used to generate high
13C polarization of HEP inside an MRI for in vivo PHIP [SBS17, SBB18], and is presented
for HEP in this work [MKM18] using a nanoparticle catalyst in Chapter 5.
One disadvantage of PH-INEPT+ is that it relies heavily on a large 1H-1H coupling, J12
for transferring polarization, which is not present in every product spin system. Another
adaptation for these circumstances is referred to as PH-INEPT(+pi/4) [HNB96] which does
not depend on this J12 coupling and inserts a 45
◦
y term on the
1H channel immediately before
detection. There is also a limited efficiency of spin order transfer capable using PH-INEPT+,
a limitation assessed in the developed of the ESOTHERIC pulse [KYM18](Section 5.4).
3.4.2 Goldman Sequence
One of the most established pulse sequences for transfer PHIP polarization from 1H to 13C
was introduced in 2005 [GJA05,GJ05] and very shortly after demonstrated in vivo in living
pigs [MJM07]. This pulse sequence, displayed in Figure 3.8, is referred to as the “Goldman”
sequence, offers the capability of transferring near-unity polarization from nascent para-H2
product protons to adjacent 13C spins outside of a weakly coupled regime, e.g. outside of a
high field magnet. This transfer works through stepwise application of focusing echo pulses
and a 90◦y pulse along carbon to induce state mixing. The delays included in this pulse (t1, t2
and t3 in Figure 3.8) are derived from the evolution periods and J -couplings of both protons
to the target 13C (JHH′ , JHC and JH′C).
This pulse was revolutionary for the development of low-field polarizers, since it allowed
the highly efficient production of 13C spins from nascent PHIP products inside of home-
built reactors before injection into living systems or spectrometers for observation. The
ideal field for nuclei to evolve under these pulse conditions is on the order of mT, which
can be induced by solenoid coil inside of a custom reactor. Much of the early spectroscopic
[AGL14,CNW09,HCH09a,SCW12b] and in vivo [BCP07,BCR11,ZCS11,CST16] 13C works
were generated using this sequence.
Because the mechanism of transfer through scalar couplings, one drawback of this se-
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Figure 3.8: Diagram of Goldman pulse sequence transferring polarization from 1H to 13C for
HEP. Following decoupling mechanisms applied to the proton channel, the “useful” pulses
are displayed in red with intermittent echo pulses at values of 1/4 and 3/4 of each free
evolution period.
quence is a heavy reliance on certain coupling environments. These couplings are often
not present between PHIP hydrogenation sites and carbonyl 13C as mentioned previously
[GWB15], which is a very desirable system since carboxylates are common in biological
compounds and typically exhibit long T 1 times due to their lack of tightly bound protons.
Application of this pulse is recursive and requires very thorough assessment of couplings
beforehand, convenient for a commercial application with fully optimized compounds but
introducing research investment for newer compounds. Still, the Goldman sequence is an
essential tool in low field 13C PHIP.
3.4.3 Magnetic Field Cycling
Another attractive strategy for generating polarization transfer doesn’t directly employ a
pulse at all, but instead a rapid transport from Earth field (∼50 µT) to very low field (<0.1
µT) following attachment of para-H2. Changes to magnetic field through application of
gradients and other tools have been very common in spectroscopy and specifically generating
images, but it was not until 2001 that Golman et al. [GAJ01b] showed that changing field
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outside of the magnet following PHIP with a simple material could cause 104 enhancements
to adjacent 13C on a maleic ester, and proceeded to demonstrate it in vivo. Because simple
hardware such as concentric rings of high susceptibility µ-metal can provide sufficiently low
field, this development provides a mechanism of heteronuclear transfer for methodologies
where hydrogenation occurs at low field and a dedicated polarizer with sophisticated RF
pulse hardware is not feasible. This technique is referred to as either magnetic field cycling
(MFC) or sometimes “zero field transfer”.
80°
μ-metal
pH2
<1s 5s
Figure 3.9: Schematic of magnetic field cycling (MFC) methodology using a µ-metal cham-
ber and a 5 second draw. Draw speed is dependent on product molecule scalar couplings.
Reprinted with permissions from Wiley [MKM18].
After attachment of para-H2 atoms to the target molecule, the non-equilibrium spin
order must then be converted into longitudinal polarization before the probe is detectable
in imaging. Initial spin densities prevent transfer to from nascent 1H to 13C, but through
dramatic drop in external magnetic field, the the combined 1H-13C AA’X system is brought
into a strongly coupled regime as J > δ, and more direct interaction between these nuclei
becomes possible. Once the field is lower than 10−8 T, relevant eigenstates depend only
on Hamiltonian components which include scalar couplings and are functionally equivalent
to zero field states. Above 10−5 T however is dominated by Zeeman interactions involving
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constant eigenstates [GAJ01b].
Figure 3.10: Upper part of the figure: magnetic field profile during the field cycle. The
magnetic field is cycled between Earth magnetic field, where the parahydrogenation reaction
is carried out, and nearly zero field by using concentric cyclinders made of µ-metal. Central
part of the figure: 13C spectrum (one scan, carbonyl region only) of ethyl acetate obtained
from the parahydrogenation of vinyl acetate (85 mM), acquired 14.1 T and 298 K, before the
application of field cycle (i) and after application of field cycling (ii). In i, the 13C carboxylate
signal is hardly detectable from the spectral noise; in ii, the same carbonyl resonance shows
high polarization. Lower part of the figure: spin states of the AA’X system and their
populations immediately after parahydrogen addition (a), after non-adiabatic transport to
low field (b) and successive adiabatic transport to Earth field (c). Reprinted with permissions
from Nature [RBA15].
This creates a physical region where asymmetric change in field can transfer polarization.
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By quickly inserting nascent product material into low field, the spin system will not retain
original eigenstate populations as it undergoes a non-adiabatic, or “diabatic” process. When
ejecting the solution more slowly, at a rate dependent on J -couplings, these eigenstates
induced at low field are preserved adiabatically. Under ideal conditions, namely 100% para-
H2, negligible relaxation events and precise transport timings, a transfer of 50% polarization
onto the heteronucleus is theoretically possible. A relatively minimal procedure for MFC is
shown in Figure 3.9, though many iterations exist involving flow setups allowing bubbling.
Timings play a significant role here, as transport out of the µ-metal shielding is often on the
same order as 1H relaxation (1-5 seconds) dependent on (JAX− JA′X/JAA′) [BHB95,NSB98,
RBA15] and is often simulated to optimize conditions.
Following this initial demonstration, in vivo works involving HEP [JAK04] as well as
more exotic molecules such as 19F-containing compounds [BTM10] and long-range coupled
molecules [RBA15] were shown. The method of adapting MFC to cross ester bonds in
PHIP-SAH is outlined in Figure 3.10. After pure aqueous PHIP systems became more
robust, aqueous work involving ethyl acetate [KBS16, SBC16b, MGE17, MKM18] and even
15N [BKB17] were adapted. Investment in this technique has motivated various method
optimizations [KIY09, CCA18], and was recently demonstrated in vivo [CCS18]. Varia-
tions of MFC have also been implemented in SABRE using an approach known as SABRE-
SHEATH [TTC15,SBC16c] as well as the recent derivative SABRE-RELAY [IRD18] allowing
spontaneous transfer to 13C, 15N and even 31P through controlling field between <0.1 µT and
mT regimes. Work in aqueous HET-PHIP outlined in Chapters 4 and 5 will demonstrate
use of MFC to generate 13C enhancements.
3.5 Signal Enhancement and Polarization
When assessing a PHIP reaction, the largest factor introduced by successful PHIP is en-
hanced area of product peaks relative to their thermally equilibrated intensities once any
hyperpolarized contributions have dissipated through relaxation mechanisms. This measure-
ment of signal enhancement, often designated ε, can be measured directly through integration
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of relevant peaks from NMR spectra immediately following hydrogenation, and comparing
to the same peaks after waiting at least 5×T 1 lengths. Though field plays a small role in
hyperpolarized intensities, it governs thermal polarization as seen in Equation 2.10, mak-
ing ε a field-dependent term. Absolute polarization, which is calculated by multiplying the
signal enhancement by thermal polarization of the system, compensates for this difference,
and hence is a more definitive description. In this section, 1H, 13C and 15N calculations are
examined, as they are currently most relevant to biomedical PHIP and the work presented
here.
3.5.1 1H Signal Enhancement and Polarization
Because 1H is a relatively quite sensitive to NMR detection and with short T 1 values, ob-
servation of hyperpolarized and thermal spectra is usually straightforward even at low con-
centrations. A 1H PHIP experiment is performed such that receiver gain settings and other
parameters allow for comparison. The hyperpolarized 1H peaks are then measured in a sin-
gle scan following hydrogenation, and their signal intensities (SHP ) are compared to thermal
intensities after waiting 5×T 1 after thermal equilibrium has been restored (Stherm) to deter-
mine signal enhancement. Often, to determine accurate thermal spectral intensities, more
than one scan is taken waiting 5×T 1 between each, which is factored into final polarization
equations by multiplying Stherm by nscans, where generally nscans = 2
x. Since only nascent
para-H2 hydrides contribute to PHIP spectra, yet thermal spectra of resulting methylene and
methyl groups contain more than one proton, an adjustment is also made to arrive at per-
proton enhancement (#1Htherm and #
1HHP ). This value is then multiplied by the thermal
polarization of the proton system in question, considering temperature, field, and gyromag-
netic ratio (P (1Htherm)). This value is finally multiplied by 100 to provide % polarization,
as opposed to a fractional value between 0 and 1.
%P =
(
SHP
Stherm × nscans
)
×
(
#1Htherm
#1HHP
)
× P (1Htherm)× 100 (3.3)
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This calculation above [MKM18] is a relatively general calculation which is used in most
liquid-state investigations. Under conditions of high gas flow where flow rate and low gas
densities must be considered, or when para-H2 enrichment is 100% is used, adaptations
are made with minimal extrapolation when possible.
3.5.2 Heteronuclear Signal Enhancement and Polarization
Since PHIP procedures often place more emphasis on heteronuclear enhancement such as
with 13C and 15N, methods for determining calculation have adapted to meet the needs of
lower γ nuclei. In addition to much lower natural abundance, 13C and 15N have γ values
approximately 25% and 10% that of 1H respectively (see Table 1.1). Even isotopically
enriched to ∼100%, observation of thermal 13C and 15N while waiting for relaxation is often
not feasible. In some cases, long acquisition of 13C signal is possible [MGE17,MKM18,KBS16]
and Equation 3.3 can be used, but only in rare cases for 15N [RVE12].
Thus, to accurately assess polarization, a variety of method adjustments have been devel-
oped. One such method is the acquisition of 13C by many low angle pulses such as 30◦ pulses
and adjusting delay parameters to form a representative thermal intensity [RBA15]. One
of the most common methods is the removal of thermal acquisition entirely, and instead to
compare intensities of the single hyperpolarized scan to a single scan of a reference solution
(Sref ) with known high concentration, and simply adjust for the difference in their concen-
tration [MKM18,BKB17,KYM18]. References used are often neat ethanol or 13C-1-pyruvate
solutions for 13C PHIP, and 15N-urea or 15NH4Cl solutions for
15N. Using this approach, the
concentrations (CHP and Cref ) of the two solutions are considered with respect to their
nuclei (2 M 15N-urea is effectively 4 M since each reference molecule possesses two nuclear
contributions relative to a single 15N-containing PHIP substrate, for instance), yielding the
following:
%P =
(
SHP
Sref
)
×
(
Cref
CHP
)
× P (13Ctherm/15Ntherm)× 100 (3.4)
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Polarization values measured this way can be assessed quickly, allowing higher experi-
mental throughput and comparisons under identical conditions can be made.
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CHAPTER 4
Optimization of Palladium for Aqueous HET-PHIP
4.1 Development of Palladium NPs
As of early 2017, a great need for robust polarization of 1H and 13C using an aqueous
heterogeneous catalyst was unmet. Dissolution DNP, a technique involving the transfer
of polarization from unpaired electrons to nuclear spins at near absolute zero temperature
(Section 2.3), had recently been undergoing clinical trials [KRK15], in addition to many ini-
tial investigations of PHIP in vivo [BHL05b,BCP07, IEK07,MJM07]. While DNP has been
demonstrated in biomedical applications, current DNP methods are limited by long polariza-
tion times and costly equipment. SABRE [AAA09] and PHIP [BW87] techniques utilizing
para-H2 as a source of polarization offer a which more cost- and time-effective approach.
Para-H2 is generated by passing hydrogen gas over a catalyst bed at low temperature as
discussed in Section 2.5.1, as opposed to cooling the sample into a glass matrix under high
field before rapid dissolution.
To address this need, ligand-stabilized palladium nanoparticles are introduced and char-
acterized as water-soluble catalysts demonstrating the highest heterogeneous carbon and
proton polarizations to date (P13C = 1.2%, P1H = 1.2%) in water [MGE17], in nearly
identical conditions to previous experiments using water-optimized homogenous Rh cata-
lyst [GWB15]. The cost of palladium per gram is significantly lower than that of platinum
used in previous generation ligand-stabilized nanocatalysts [GGE15, GGE16], making this
type of catalyst attractive. Comparison of nanoparticle synthesis methods and surface oxi-
dation under inert conditions versus open air shows that air-synthesized nanoparticles retain
equivalent polarization ability, granting higher polarization performance in lower-cost, simple
synthesis conditions.
Two particle-capping amino acid ligands are investigated for palladium: L-cysteine (LCys),
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and its analog, N-acetylcysteine (NAC). Both ligands are biologically compatible small
molecules shown to coordinate strongly to transition metals and create stable, water-soluble
nanoparticles [GGE16]. Because 1H relaxation times are generally short-lived (T 1 of usually
≤ 1 s), in vivo applications hinge on the preservation of hyperpolarized state by transfer of
polarization to nearby heteronuclei with longer relaxation times such as 13C.
Heterogeneous PHIP in water had recently been shown [KBS16] at P13C ∼0.01%. The
developed of Pd systems demonstrates two orders of magnitude improvement, as well as
potential for future ligand optimization rather than bare metal systems. The synthesis,
purification and characterization of these two particles are outlined in Sections 4.2 and 4.3.
To demonstrate the potential for biological applications, the acetate precursor ethyl acetate
(EA) is hyperpolarized from vinyl acetate (VA), a compound previously shown in PHIP side
arm hydrogenation (PHIP-SAH) investigations [RBA15]. Acetate is a relevant metabolite for
in vivo hyperpolarization studies [BCM13]. Hyperpolarized hydroxyethyl propionate (HEP),
a compound previously demonstrated in in vivo angiography [BHL05b], is also shown by
hydrogenation of 2-hydroxyethyl acrylate (HEA) in Section 4.4. Transfer of polarization
from para-H2 to adjacent
13C is achieved by cycling hydrogenation product mixtures in and
out of zero field using a concentric ring µ-metal chamber discussed in Section 4.4.2. The
amino acid propargylglycine (PraH) is parahydrogenated into hyperpolarized allylglycine
without chemical protection on the amine, and 1H polarization of P1H = 0.9% is shown in
Section 4.5.
This is the first demonstration of aqueous PHIP of an unprotected amino acid by a het-
erogeneous catalyst. This content is reproduced with permission from J. McCormick, A.M.
Grunfeld, Y.N. Ertas, A.N. Biswas, K. Marsh, S. Wagner, S. Glo¨ggler, and L-S. Bouchard.
“Aqueous Ligand-Stabilized Palladium Nanoparticle Catalysts for Parahydrogen-Induced
13C Hyperpolarization” Anal. Chem. 89, 7190-7194 (2017) [MGE17]. Copyright 2017 Amer-
ican Chemical Society.
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Figure 4.1: Generalized scheme of NAC@Pd and LCys@Pd for producing 13C hyperpolariza-
tion via magnetic field cycling. Reprinted with permission from American Chemical Society
2017 [MGE17].
4.2 Synthesis and Purification
In heterogeneous PHIP, pairwise addition of para-H2 is thought to be preserved by ligand
density, which limits diffusion across the particle surface. Significant diffusion would other-
wise lead to loss of para-H2 spin order [GGE15]. Thus, ligands are chosen not only for control
of particle dispersity and solubility but also for their ability to restrict H2 diffusion (and cat-
alytic exchange between hydrogen molecules) during hydrogenation reactions. L-cysteine
(LCys) and N-acetylcysteine (NAC) were selected for this work based on biocompatibility,
convenient thiol and amine groups involved in transition metal coordination, and previous
demonstration of heterogeneous PHIP in platinum nanoparticle systems [GGE15,GGE16].
Palladium chloride, 99% (PdCl2), sodium borohydride (NaBH4), LCys, NAC and DL-
propargylglycine were purchased from Sigma Aldrich and used without further modification.
Solvents for purification such as n-hexanes, anhydrous isopropanol (IPA) and anhydrous,
absolute ethanol were purchased from Fisher Scientific and used as received, unless degassed
as mentioned by freeze-pump-thaw. MilliQ water was generated by in house filtration and
collected at ≥17.8 MΩ resistance. Deuterated solvents (D2O and CDCl3) were purchased by
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Cambridge Isotope Laboratories and used as received. Degassed solvents were prepared by
no less than three freeze-pump-thaw cycles of submerging in liquid nitrogen, pulling static
vacuum for ∼30 minutes, and slowly thawing in a water bath before allowing nitrogen flow.
UV/Vis characterization spectra were collected on an Agilent 8453 UV-Vis spectrometer
from 190 nm to 800 nm.
For both LCys@Pd and NAC@Pd, inert synthesis under N2 atmosphere followed by
argon storage was performed first. These were synthesized using the Brust-Schiffrin method
[BWB94] heavily modified from previously published work [SKL12]. 177 mg of PdCl2 (1
mmol) was added to a 500 mL flask under argon atmosphere before addition of 99 mL
degassed MilliQ water and 1 mL of aqueous 2M HCl solution stirred at 360 RPM under
nitrogen flow overnight to produce 10 mM H2PdCl4 metallic acid precursor. In a separate
flask, 121 mg L-cysteine (1 mmol) was dissolved in 27.5 mL degassed MilliQ water and
added into the H2PdCl4 solution quickly. Addition of the ligand solution causes immediate
color change from transparent brown H2PdCl4 to cloudy orange H2PdCl4:LCys complex
characterized by UV/Vis in this work. After stirring for 1 hour, a fresh solution of 377
mg NaBH4 (10 mmol) was prepared in 15 mL degassed MilliQ water, and added to the
H2PdCl4:LCys dropwise over 4 minutes. Introduction of NaBH4 causes immediate color
change to black, indicating reduction into nanoparticles. Freshly formed nanoparticles were
left to stir overnight before solvent fractionation by addition of 107 mL isopropanol and 53
mL n-hexanes for 8 hours stirring at 360 RPM. Solution was balanced and centrifuged at
6000 RPM (5509xg) for 25 minutes. Supernatants were discarded and pellet was washed 4x
with absolute ethanol before drying under static vacuum.
Inert NAC@Pd was synthesized identically using 163 mg N-acetylcysteine (1 mmol),
forming a red orange mixture upon addition of NAC to H2PdCl4 solution. Due to differences
in ligand properties, the optimal solvent fractionation conditions were achieved by addition
of 225 mL IPA and 53 mL n-hexanes for 8 hours stirring at 360 RPM before centrifugation.
Synthesis schemes for both LCys@Pd and NAC@Pd are shown in Figure 4.2.
However, one of the interesting aspects of these Pd nanoparticles investigated is their
lack of sensitivity to air during synthesis. Previous generation Pt catalysts [GGE15,GGE16]
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Figure 4.2: Generalized scheme of NAC@Pd and LCys@Pd for producing 13C hyperpolariza-
tion via magnetic field cycling. Reprinted with permission from American Chemical Society
2017 [MGE17].
demonstrated a clear drop in achievable polarization if exposed to open air, either during
storage or synthesis. This effect was attributed to oxide formation on the surface, preventing
efficient catalysis and obscuring pairwise addition. A previous investigation of glutathione-
capped Pd nanoparticles [SKL12] found that oxygen atoms introduced through air exposure
during PdII → Pd0 formation are observable through anomalous lattice spacings and expan-
sions relative to inertly prepared materials, and hypothesizes that various oxidation states of
glutathione during synthesis may cause lattice expansions. For development of PHIP cata-
lysts, where the priority is high achievable polarizations, a comparison of LCys@Pd prepared
under inert (N2) and open air conditions was performed. Production of hyperpolarized HEP
was measured using LCys@Pd prepared under both inert and air conditions shown in Fig-
ure 4.3. Air synthesis was determined to be nearly equal, if not slightly higher, than inert
materials. This is significant as one of PHIP’s greatest advantages is the low infrastructure
and technical costs of its use, meaning that inert atmosphere gloveboxes and other equipment
may not be necessary for Pd materials, broadening its potential applications.
Interestingly, the synthesis of NAC@Pd and LCys@Pd can be tracked by character-
ized by absorption. Figure 4.4 shows the UV/Vis spectra of aqueous H2PdCl4 solution,
83
Figure 4.3: 1H polarization of hydroxyethyl propionate (HEP) using 10 mg/mL LCys@Pd
prepared under inert and open air conditions. Reprinted with permission from American
Chemical Society 2017 [MGE17].
Figure 4.4: UV/Vis spectra of aqueous solutions throughout nanoparticle synthesis from
180-800 nm. Reprinted with permission from American Chemical Society 2017 [MGE17].
H2PdCl4:amino acid complex, and both LCys@Pd and NAC@Pd in water. Broad absorbance
bands at around 410 nm are attributed to metal-to-ligand charge transfer [NPP05], while the
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shoulder band and sharp peak at 228 nm and 205 nm respectively represent ligand-to-metal
charge transfer [HIM07]. Introduction of stabilizing ligand (LCys shown) causes collapse of
the 228 nm, 207 nm and 410 nm and instead a prominent absorption band at around 260
nm appears, which can be assigned to a S–PdII charge transfer band upon complexation
with cysteine thiolate [HIM07]. Upon reduction of the PdII:amino acid solution, ionic PdII
absorption bands disappear, and product nanoparticle solutions show only scarce scattering
characteristic of colloid solutions, indicating removal of dissolved Pd ions.
4.3 LCys@Pd and NAC@Pd Characterization
To more thoroughly assess the physical and morphological properties of LCys@Pd and
NAC@Pd, a variety of techniques described below were used. NMR measurements were
recorded on a Bruker AV600 system using a 5 mm broadband probe. Thermogravimetric
analysis (TGA) of nanoparticle ligand coverage was measured using a Perkin Elmer Pyris
Diamond TG/DTA in alumina pans spanning from 25◦C to 700◦C under argon flow at 5
◦C/min. Transmission electron microscopy (TEM) was performed using an FEI Tecnai T12
microscope after suspension of nanoparticles in MilliQ water and drying on carbon substrate
grids before imaging. X-ray photoemission spectroscopy (XPS) studies were carried out on
a Kratos AXIS Ultra DLD X-ray photoelectron spectrometer with a monochromatic Al Kα
X-ray source operating at 10 mA and 15 kV. Centrifugation was performed on a Beckman
Avanti J-25 using a JA-14 rotor. Inert chemistry was conducted using standard Schlenk
technique under nitrogen flow.
To verify and better understand the nature of LCys and NAC coordination to the surface
of the Pd nanoparticles, 1H NMR spectra were collected on a 600 MHz spectrometer. As
proton nuclei are held in near proximity to Pd metal, they experience dipolar line broadening
which can be observed by 1D 1H NMR. Dipolar peak broadening of both LCys@Pd and
NAC@Pd suspensions particles indicate surface coordination shown in Figure 4.5.
Once the heterogenerous nature of LCys@Pd and NAC@Pd was confirmed, an assessment
of their size and morphology was obtained by transmission electron microscopy (TEM).
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Figure 4.5: 1H NMR spectra of a) L-cysteine ligand and b) LCys@Pd dissolved in D2O.
Broadening of ligand peaks in b) indicates significant coordination of ligand to metal. A
similar broadening is observed for c) N-acetylcysteine and d) NAC@Pd nanoparticles dis-
solved in D2O. Reprinted with permission from American Chemical Society 2017 [MGE17].
Solutions of 1 mg/mL LCys@Pd and NAC@Pd were suspended in MilliQ water and dried
on carbon substrate grids. For LCys@Pd and NAC@Pd nanoparticles, 277 and 288 particles
were chosen at random and compiled into the size distributions shown in Figure 4.6 b) and
d) respectively. Particle sizes of 2.4 ± 0.6 nm and 2.5 ± 0.8 nm were found for NAC@Pd
and LCys@Pd, respectively. Deviations were calculated from the Gaussian fits also shown
in Figure 4.6.
Because organic ligand loading onto the Pd surface plays an integral role in its contribu-
tions to PHIP, a key aspect of understanding NAC@Pd and LCys@Pd mechanisms involves
measurement of ligand loading as syntheses are adapted and other performance factors are
considered. To determine this, thermal analysis by TGA on both particle systems was per-
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Figure 4.6: TEM image of NAC@Pd nanoparticles dried after dispersion in water. c) TEM
image of LCys@Pd nanoparticles dried after dis-persion in water. Size distributions and fits
for NAC@Pd and LCys@Pd are shown in b) and d), respectively. Reprinted with permission
from American Chemical Society 2017 [MGE17].
formed. This allows determination of organic and inorganic components by fine measurement
of mass during temperature ramps, where organic material is expected to boil or decompose
before 500◦C or so. These trends will assist in discussion of polarization mechanisms in
Sections 4.4.1 and 4.4.2. Decomposition of ligand shown in Figure 4.7 indicates 25% ligand
coverage of LCys@Pd and 40% coverage of NAC@Pd particles by mass.
Because catalysis and pairwise additions of para-H2 occur only on the surface of colloids,
investigation of NAC@Pd and LCys@Pd surface environments can also assist in explaining
PHIP mechanisms. X-ray photoelectron spectroscopy (XPS) studies were performed on a
Kratos AXIS Ultra DLD X-ray photoelectron spectrometer with a monochromatic Al Kα
X-ray source operating at 10 mA and 15 kV. Survey spectra and individual high-resolution
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Figure 4.7: TGA curves of a) NAC@Pd and b) LCys@Pd particles under argon flow. Or-
ganic decomposition of the ligand increases with temperature until ≥650◦C, after which no
appreciable mass change is observed. Reprinted with permission from American Chemical
Society 2017 [MGE17].
spectra were collected using pass energies of 160 eV and 20 eV, respectively. Data processing
was performed using CasaXPS 2.3 software, and spectral binding energies were calibrated by
assigning the hydrocarbon peak in the C 1s high-resolution spectra, as a result of adventitious
carbon, to 284.6 eV. It is clear from observation of the hi-resolution XPS spectra (Figure 4.8)
that the LCys@Pd particles synthesized in open air have much higher oxidized Pd content
than those formed under inert chemistry. The Pd 3d5/2 peak at approximately 335.3 eV is
assigned to palladium metal, whereas the Pd 3d5/2 peak at 337.1 eV is assigned to the native
oxide [ZHL14].
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Figure 4.8: XPS spectra. The a) survey and corresponding b) Pd 3d hi-resolution spectrum
of LCys@Pd synthesized under inert conditions. Air-synthesized c) survey and d) Pd 3d
spectra are shown for comparison of Pd oxidation. Reprinted with permission from American
Chemical Society 2017 [MGE17].
Taken all together, a strong argument can be made that LCys@Pd and NAC@Pd cat-
alysts can be formed through reduction of metal:ligand precursors in open air, and that
the strong coordination of LCys and NAC can survive washing and fractionation proce-
dures as demonstrated by their presence in NMR, XPS and TGA after purification. This
allows approachable synthesis to a catalyst which can be produced at ≥1 g scale, stored,
and redispersed in water before use.
4.4 Polarization of 2-Hydroxyethyl Acrylate and Vinyl Acetate
Once catalyst synthesis and characterization procedures were performed, assessment of 1H
polarization was made of HEA and VA. Despite the ultimate goal of 13C polarization, the
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ability to generate initial 1H polarization via PHIP is necessary, and can serve as a convenient
comparison between catalyst and reaction conditions. One of the major optimizations made
in this work relative to previous Pt systems is that bulk mixtures of nanoparticle products
can be further separated through treatment of solvents to isolate only the best performance
catalysts. This process, referred to as solvent fractionation, in our case was modified from
previous work [SKL12] and used to isolate final LCys@Pd and NAC@Pd materials for PHIP.
Fractionation conditions used to achieve this are described in Section 4.2.
4.4.1 1H Polarization
1H spectra for PHIP experiments were performed on a Bruker AV600 spectrometer at B0 =
14.1 T. Solutions were prepared in 5 mm J-Young tubes purchased from New Era. Under
inert conditions, nanoparticles were suspended at 10 mg/mL in degassed D2O before adding
0.04 mmol 2-hydroxyethyl acrylate (HEA) or 0.04 mmol vinyl acetate (VA) and 550 µL of the
resulting mixture was added into a J Young tube and sealed. Samples were heated to 80◦C
before pressurizing with 80 PSI para-H2 at Earth’s field, before shaking vigorously in tran-
sit to be inserted into the high-field spectrometer bore, consistent with previously reported
ALTADENA PHIP conditions [GGE15, GGE16]. Transit time was recorded at 9 seconds.
PHIP spectra were then recorded with a single 45◦x
1H pulse optimized for ALTADENA
(Section 2.6.2). Reactions are then allowed 5×T 1 relaxation times to reach thermal polar-
ization. Signal enhancements and their resulting polarizations are calculated by comparing
the integrals of hyperpolarized and thermal peaks (see Section 3.5). Reaction schemes and
1H spectra are shown in Figure 4.9.
For LCys@Pd and NAC@Pd, 1H polarizations of 0.9 ± 0.1% and 1.2 ± 0.1% are observed
for HEP. This marked an improvement of nearly double the achievable 1H polarization of
HEP using a heterogeneous catalyst in water [GGE16]. This result came as a surprise, since
previous studies have proposed NAC as a control experiment in which amine coordination is
blocked and thus limiting surface diffusion [GGE16]. However, coordination of nitrogen on
NAC is not blocked and serves to stabilize Pt and Pd nanoparticles tightly enough to produce
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Figure 4.9: (a) Reaction mechanism of VA and HEA hydrogenation. Thermal 1H spectra of
(b) HEP and (d) EA, as well as their hyperpolarized spectra (c) and (e) shown in magnitude
mode, respectively. Both PHIP and thermal spectra were acquired in a single scan. Reprinted
with permission from American Chemical Society 2017 [MGE17].
recyclable particles in this work (Section 4.7). Au nanoparticles have been recently demon-
strated as sensitive colorimetric probes for the detection of NAC due to strong functional
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group interactions [RH15], supporting this interpretation.
This suggests a strong geometric dependence on ligand involvement in pairwise hydro-
genation as LCys and NAC are similar in size yet undergo different coordination mechanisms
due to amine protection, which may orient NAC in a more favorable position for pairwise
addition on the Pd surface. Consistent synthesis procedures shows NAC@Pd ligand density
1.6x higher than that of LCys@Pd despite similar particle size (40 versus 25 wt%, Fig-
ure 4.7). This increase cannot be explained solely by the difference in molecular weight of
NAC compared to that of LCys (163.19 versus 121.16 g/mol, respectively). Taken together
with the 1H PHIP results, this suggests that NAC is better able to stack on the particle
surface and that this efficient stacking contributes to the ability of NAC to improve pairwise
H2 addition.
Figure 4.10: 1H polarization of HEP measured by PHIP experiments at 80◦C and 80 PSI
of a) LCys@Pd and b) NAC@Pd nanoparticles. Reprinted with permission from American
Chemical Society 2017 [MGE17].
Optimization of particle concentration for polarization was also performed using 1H PHIP
experiments with HEP. Identical experiments were performed with both particles varying
particle concentration shown in Figure 4.10, and optimal concentrations were determined to
be 10 mg/mL, consistent with previous reports [GGE15,GGE16]. This concentration is then
used for 13C experiments.
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4.4.2 13C Polarization
After establishing robust 1H polarization is possible, NAC@Pd representing the higher ef-
ficiency catalyst was used to investigate the production of 13C hyperpolarization of HEP
and EA to better demonstrate potential to meet the needs of in vivo investigations. As dis-
cussed in Section 3.4, several strategies for transferring nascent 1H hyperpolarization onto
nearby nuclei. In this work, transfer by magnetic field cycling (MFC) was chosen by virtue of
compatability with Earth field reaction conditions. Adiabatic transit in and out of very low
magnetic fields (≤1 µT) has the ability to spontaneously transfer polarization from proton to
13C and other nuclei through scalar couplings, which has been previously demonstrated with
HEP and EA [RBA15]. HEP and EA precursors were chosen in part due to PHIP attach-
ment sites adjacent to target carbonyl 13C, which are ideal for PHIP as their T 1 relaxations
are often extended due to lack of bound protons.
PHIP investigations of 13C via MFC were performed by modifying the ALTADENA
conditions outlined in Section 4.4.1. NAC@Pd was suspended in degassed D2O at 10 mg/mL
with 0.04 mmol HEA or VA and 550 µL of this mixture was loaded into a J Young tube.
After heating to 80 ◦C and pressurizing with 80 PSI of para-H2, samples were pressurized and
shaken before quick insertion into a three concentric cylinder µ-metal shield (Magnetic Shield
Corp.) and drawn out slowly before transit according to product scalar couplings. HEP
products showed highest polarization with a 2 second draw, whereas EA products showed
highest polarization at 5 second draw, consistent with previous work [RBA15]. Reaction
tubes were then transported into the 600 MHz spectrometer before application of a single
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13C proton-decoupled pulse. Reactions are then allowed 5×T 1 relaxation times to reach
thermal equilibrium before scanning 256 times waiting 5×T 1 to acquire an accurate thermal
spectrum. Signal enhancement and its resulting polarization are calculated by comparing
the integrals of hyperpolarized and thermal peaks (see Section 3.5. Resulting 13C spectra
following this method are shown in Figure 4.11.
Relative to the highest previous aqueous HET-PHIP record of P13C ∼0.01% for EA
[KBS16], this represents a two order of magnitude improvement, and a 20x improvement for
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Figure 4.11: 13C spectra of a) HEP and b) EA taken with a single scan. Thermal spectra
are displayed as inlets after 256 scans. P13C is calculated at 1.2% for HEP and 0.2% for EA.
Reprinted with permission from American Chemical Society 2017 [MGE17].
specifically EA, with P13C values within 50% of recent in vivo investigations [ZCS11].
4.5 1H Polarization of Propargylglycine
As advances in PHIP are made toward broader investigation of biologically relevant sub-
strates, one barrier is that unprotected functional groups have been shown to hinder po-
larization due to unfavorable interactions with PHIP catalysts [GWB15, GXZ12]. Because
of this problem and widespread interest in hyperpolarized peptides, protecting groups for
amines and carboxylates are often investigated to create product analogues of varying bio-
logical activity and solubility. Strategies proposed to remove the protecting group by cleav-
age after para-H2 addition [RBA15] had been untenable for a clinically relevant technique,
though progress since this publication shows progress [CCA18,CCS18]. In this work, aque-
ous parahydrogenation of unprotected DL-propargylglycine is investigated as a substrate
for NAC@Pd to demonstrate the advantage in using a heterogeneous system. Propargyl-
glycine (PraH) is a naturally occurring, water-soluble amino acid found in certain fungal
systems [KYF92] with an unsaturated C≡C triple bond. 1H PHIP experiments using Boc-
protected PraH in methanol-d4 and homogeneous Rh(dppb)(cod)BF4 catalyst yielded po-
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larization values of P1H = 0.4%, comparable to ∼1.2% when adjusting from 50% para-H2
enrichment to ∼100% [KSH13]. PraH has recently been incorporated into sunflower typsin
inhibitor (SFTI) along with O-propargyl-L-tyrosine in a mixed solvent system to yield P1H
= 0.14% (expected 0.42% with ∼100% para-H2) without loss of activity [SNT14], demon-
strating PraH’s potential in biological investigations.
Figure 4.12: 13C spectra of a) HEP and b) EA taken with a single scan. Thermal spectra
are displayed as inlets after 256 scans. P13C is calculated at 1.2% for HEP and 0.2% for EA.
Reprinted with permission from American Chemical Society 2017 [MGE17].
Figure 4.12 shows hyperpolarized 1H peaks from PraH product molecule DL-allylglycine,
yielding a polarization of P1H = 0.9 ± 0.2%. However, PraH’s triple bond has the potential
for two parahydrogenations [ZCS11], allowing further enhancement under higher conversion
regimes, though only characteristic Iz–Sz peaks for allylglycine are observed here. Both
investigations of propyne in gas-phase heterogeneous PHIP [KZC10] and O-propargyl-L-
tyrosine in solution PHIP [SNT14] report only single hydrogenation product enhancement.
Magnetic field cycling experiments were attempted on PraH, though no 13C enhancement was
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observed. This can be explained due to allylglycine’s dense proton environment on adjacent
carbons to the hydrogenation site, which likely interferes with the observed magnetization
after transfer. The relatively large distance to the ester carbon often chosen in 13C transfer
requires zero field draw speeds longer than para-H2 relaxation and is unlikely to be observed.
4.6 Turnover Frequency (TOF) Measurements
One of the defining features of a suitable PHIP catalyst is its ability to generate hyperpo-
larized PHIP product within the timeframe of its 1H T 1, generally producing biologically
relevant concentrations quickly, which usually corresponds to mM product in significantly
under one minute. To achieve this, an efficient catalyst needs to be optimized both for
catalytic conversion and the pairwise addition of H2, which is where conflicting barriers can
arise. On bulk metal surfaces, ligands serve a variety of functions from size control to sol-
ubility, but are well-known to lower reaction rate as they occupy active sites which may
otherwise contribute to catalysis. In addition to this, homogeneous catalysts which function
through each metal atom contributing as single sites are capable of very rapid catalysis due
to a variety of factors, where as bulk metal surfaces have only small fractions of their atoms
capable of catalytic contribution, inversely proportional to the surfaces’ volume.
A measurement of catalytic efficiency known as turnover frequency (TOF) is often used
to compare catalyst systems, which is also affected by substrate geometry. Because sub-
strate sterics and nucleophilicity play roles in catalysis, Wilkinson’s catalyst, for instance,
displays TOF as high as 650 h−1 for 1-hexene with little steric interference, but becomes neg-
ligible for 1-methyl-cyclohexene when pi-bond access is cluttered [Eli12]. TOF calculations
were performed by flowing H2 into nanoparticle mixtures with HEA under ambient N2 flow
heated to 80 ◦C, and conversion was monitored by NMR every 15 min to compare catalyst
activity. Calculations of TOF are done by measuring conversion of HEA into HEP over
time, and relating it to the number of active surface Pd atoms of the particles based on their
volume, ligand wt%, and distribution within its solid lattice. Because of Pd nanoparticles’
tendency to crystallize in the fcc structure [SKL12] and TEM confirming spherical geometry,
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a cuboctahedral structure can be assumed in turnover frequency (TOF) calculations [VH69].
Using this method, TOF values of 42.9 h−1 and 21.7 h−1 were found for NAC@Pd and
LCys@Pd, respectively. It is important to note that these conditions were under ambient
pressure as opposed to 6 bar para-H2, and therefore represent milder conditions. Often,
high ligand coverage of a catalytic surface sacrifices activity due to reduction of available
catalytic sites, yet surprisingly, NAC@Pd showed a TOF of 1.97x that of LCys@Pd despite
higher ligand density. This work utilizing the catalyst NAC@Pd demonstrates nanoparticle
systems showing 1.71x higher 1H polarization and 1.35x higher TOF than was previously
shown with Pt nanoparticles of similar diameter [GGE16]. The current catalyst NAC@Pd
TOF corresponds to the production of 1.1 µmol of HEP product in the 10 s time period
following parahydrogenation, resulting in 1.1 mM in 1 mL of solution. This conversion is
also measured at ambient pressure H2, far lower than PHIP experimental conditions (6.5 bar
para-H2). Recently, work by Zacharias et al. [ZCS11] has demonstrated metabolic imaging of
hyperpolarized aqueous diethyl succinate. Soluble Rh(dppb)(nbd)BF4 catalyst was dissolved
and used to hydrogenate diethyl fumarate (20 mM) before injection into live mice using an
optimized polarizer and deuterated compounds for spin preservation.
Comparison with our system indicates that our NAC@Pd catalyst is a mere 18-fold
concentration and 2-fold polarization away from current in vivo investigations. Considering
that 1.1 mM is typical for most physiological conditions, the catalyst systems proposed here
may be sufficient for in vivo use. Because transit time to the magnet was recorded at 9 s from
pressurization to spectra acquisition, it is possible that with a well-optimized polarizer nearly
two full T 1 relaxation cycles [GGE16] could be avoided, leading to potential polarizations
≥10%.
4.7 Recovery of Pd HET-PHIP Catalyst
Another attractive advantage of a separable heterogeneous catalyst is the ability to recycle
expensive material. Recycling experiments also give an opportunity to demonstrate hetero-
geneous nature of the catalyst beyond UV/Vis monitoring, supporting compatability with in
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Figure 4.13: 1H PHIP spectra of HEA hydrogenation in D2O acquired after pressurizing
a) fresh 20 mg/mL LCys@Pd nanoparticles, b) recycled nanoparticle pellet, and c) recy-
cled supernatant solution with para-H2. Spectra are acquired in a single 45
◦ pulse and
displayed in magnitude mode. Reprinted with permission from American Chemical Society
2017 [MGE17].
vivo applications. To demonstrate this, PHIP experiments were designed to show conversion
of 2-hydroxyethyl acrylate (HEA) using nanoparticles before and after their removal. 20
mg/mL LCys@Pd were suspended in degassed D2O with 0.04 mmol HEA, pressurized to
80 PSI para-H2 at 80
◦C, and shaken before measurement with a single 45◦ 1H pulse. The
suspension was then removed and added to an excess of ethanol, causing nanoparticles to
precipitate out. This solution was then spun by centrifugation at 10,000xg for 30 minutes.
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The nanoparticle pellet was rinsed briefly with ethanol before drying under static vacuum,
while the supernatant was transferred to a new vial and centrifuged again for 30 minutes
at 10,000xg before drying the final supernatant. Both supernatant and pellet products were
resuspended in 550 µL of degassed D2O with fresh HEA added, and PHIP experiments
were carried out as previously mentioned. PHIP spectra are shown in Figure 4.13 revealing
recovery of PHIP signal using separated the nanoparticle pellet, and undetectable product
peaks using supernatant solution even under PHIP settings. This indicates that both the
conversion and hyperpolarization methods described are heterogeneous with no indication
of free PdII ion contribution detectable, a crucial advantage to this system.
In conclusion, this work demonstrates novel water-soluble palladium nanoparticles as
catalysts in aqueous heterogeneous PHIP capable of transferring polarization to 13C on bio-
logically relevant compounds. Both 13C and 1H polarizations are unprecedented in aqueous
heterogeneous reactions, 13C by up to 2 orders of magnitude compared to the previous
state-of-the-art experiments. High 13C enhancement on compounds of biological interest
represents a crucial advancement in heterogeneous PHIP application. Similarly, robust po-
larization of unprotected peptides and other nitrogenous compounds widens the breadth of
potential PHIP labels to meet the future needs of diagnostic imaging.
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CHAPTER 5
Liganded Rh Nanocatalyst for Development of 15N
PHIP
By mid-2018, new applications of parahydrogen work were emerging. Demonstrations of
higher 1H and 13C polarization were inching PHIP and SABRE towards human patient use,
but a significant boundary remained: typical 13C relaxations, while significantly longer than
proton, still posed significant methodological challenges to broad applications of paraydro-
gen. Even under hypothetical conditions of %P13C ≥20% and negligible catalyst separation
boundaries, applications in complex in vivo environments are still limited to less than 5 min-
utes from production to delivery even using ideal hyperpolarized probes, e.g. 13C-pyruvate.
This technical consideration often deters more complex strategies due to signal lifetime,
instead focusing huge efforts simply to prevent spin relaxation mechanisms.
One option which has attracted much attention lately has been 15N. In complex biolog-
ical structures such as protein interactions, nitrogen is commonplace and does not require
high risk chemistry to introduce. In fact, it has been used extensively to probe local nuclear
environments for protein sequencing and other assessments [RPB10,KZZ08]. In addition to
this, 15N often exhibits a significantly longer T 1, offering valuable time for implementation.
In addition to a history of 15N SABRE work, a recent publication revealed that 15N hyper-
polarization was accessible with PHIP in water at modest polarization [BKB17]. While 13C
polarization levels exceeding 50% are readily achieved [NKV13,YCK16] in various injectable
contrast agent systems in d-DNP, even 15N polarization levels obtained by d-DNP remain
limited due to the considerably lower gyromagnetic ratio γ of 15N. Only recently was large
15N polarization achieved for the partially-deuterated quaternary amine trimethylphenylam-
monium (TMPA) by cross polarization DNP (CP-DNP) [MVB17]. The use of protonated
compounds to achieve high polarization levels in CP-DNP typically results in 15N relaxation
times [BKB17] shorter than in fully deuterated analogs. While 60-90% starting 1H polariza-
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tion was used for polarizing 15N nuclei via cross polarization, only P15N ∼17% was obtained
after dissolution [MVB17]. This means that even costly DNP strategies cannot supply a
silver bullet for long-lived 15N spins.
Because our ligand-capped nanoparticle system has shown compatability with amine
residues [MGE17], our group sought to develop a suitable catalyst and methodology to ad-
dress the need for high 15N enhancements in pure aqueous systems. To investigate hyperpo-
larization of 15N the deuterated precursor compound d12-
15N-neurine is available, producing
d12-
15N-ethyl trimethylammonium (NETMA) upon hydrogenation, a structural analog of
choline. Choline has previously been investigated as a metabolic probe by d-DNP [GRL08]
and positron emission tomography (PET) [DPE03] due to its role in cellular phospholipid
metabolism and has been used to probe upregulated choline kinase expression in malignant
tissues [EKD07] and other metabolic information [PCC11]. However, production of hyper-
polarized choline from the precursor substrate has not been demonstrated, likely because
the tautomerization between the keto and enol state prevents adequate hydrogenation.
Part of this development included the synthesis and characterization of a novel nanopar-
ticle catalyst (NAC@Rh) discussed in Sections 5.1 and 5.2, as well as the optimization of
a recently demonstrated pulse sequence specializing in the high-efficiency transfer for 15N
termed ESOTHERIC discussed in Section 5.4. To compare efficiencies to previous work on
PHIP probe development, production of high 13C polarization using hydroxyethyl propionate
(HEP) by application of PH-INEPT+ pulse (see Section 3.4.1) and ethyl acetate (EA) via
magnetic field cycling (MFC, Section 3.4.3) is also demonstrated. Together, these devel-
opments produce the highest 15N polarization of any aqueous HET-PHIP method to date,
and set precedence for the high-field production of long-lived 15N polarization in clinically
accessible conditions.
This content is reproduced with permission from J. McCormick, S. Korchak, S. Mamone,
Y.N. Ertas, Z. Liu, Luke Verlinsky, S. Wagner, S. Glo¨ggler, and L-S. Bouchard. “More Than
12% Polarization and 20 Minute Lifetime of 15N in a Choline Derivative Utilizing Parahy-
drogen and a Rhodium Nanocatalyst in Water” Angewandte. Chemie Intl. Ed. 57(33),
10692-10696 (2018) [MKM18]. Copyright 2018 Wiley.
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Figure 5.1: Reactor scheme for production of 15N polarization on the choline derivative
NETMA. Reprinted with permissions from Wiley [MKM18].
5.1 Synthesis and Purification
Herein, we introduce an N-acetylcysteine (NAC)-stabilized metal catalyst using rhodium
(Rh) to produce the new heterogeneous nanoparticle, NAC@Rh. This catalyst allows for
efficient polarization of quaternary 15N nuclei with long relaxation times. NAC-stabilized
metal nanoparticles have recently been demonstrated to generate 1H and 13C polarizations
exceeding 1% in water, without compensating for polarization loss in transit to the magnet
which could be mitigated by custom polarizer [MGE17].
Rhodium chloride hydrate, 99% (RhCl3 · xH2O), sodium borohydride (NaBH4), N-
acetylcysteine (NAC), 1-13C-hydroxyethyl acetate-d3 (HEA), vinyl acetate (VA), and d12-
15N-trimethlvinylammonium hydroxide (neurine) were purchased from Sigma Aldrich and
used without further modification. Solvents for purification such as n-hexanes, anhydrous
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Rh
RhRhRhRhCl3   xH2O
1 eq.
i) 1 eq. in H2O
ii) 10 eq. NaBH4, stir
iii) Hexanes, isopropanol
Figure 5.2: Reactor scheme for production of 15N polarization on the choline derivative
NETMA. Reprinted with permissions from Wiley [MKM18].
isopropanol (IPA) and anhydrous, absolute ethanol were purchased from Fisher Scientific
and used as received, unless degassed by repeated freeze-pump-thaw cycles. MilliQ water
was generated by in-house filtration and collected at ≥17.8 MΩ resistance. Deuterated sol-
vents (D2O and CDCl3) were purchased by Cambridge Isotope Laboratories and used as
received. Degassed solvents were prepared by no less than three freeze-pump-thaw cycles of
submerging in liquid nitrogen, pulling static vacuum for ∼30 minutes, and slowly thawing
in a water bath before allowing nitrogen flow. Parahydrogen was enriched to 90% by a
Bruker BPHG-90 parahydrogen generator and used in continuous flow mode for high field
experiments (neurine and HEA) or by a generator from Advanced Research Systems, Inc.
(DE202AI) stored in compressed cylinders for earth field experiments (VA).
Inert synthesis conditions were modified from previously published work [MGE17]. 209
mg of RhCl3 (1 mmol) was added to a 500 mL flask under argon atmosphere before addition
of 100 mL degassed MilliQ water and stirred at 360 RPM under nitrogen flow to produce
10 mM RhIII precursor solution. In a separate flask, 163 mg N-acetylcysteine (1 mmol)
was dissolved in 27.5 mL degassed MilliQ water and added into the RhIII solution quickly.
Addition of the ligand solution causes subtle color change from transparent pink to vibrant
rose color. After stirring for 1 hour, a fresh solution of 377 mg NaBH4 (10 mmol) was
prepared in 15 mL degassed MilliQ water, and added to the RhIII:NAC solution dropwise
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over 4 minutes. Introduction of NaBH4 causes immediate color change to black, indicating
reduction into nanoparticles. Freshly formed nanoparticles were left to stir overnight before
solvent fractionation by addition of 160 mL isopropanol and 53 mL n-hexanes for 3 hours
stirring at 360 RPM. Solution was balanced and centrifuged at 6000 RPM (5509xg) for 25
minutes, producing an insoluble fraction pellet to be discarded. Supernatants were stirred
with an additional 100 mL isopropanol for 3 hours producing desired particle pellet, cen-
trifuged again at 6000 RPM, and supernatants were discarded. Pellet was washed 4x with
absolute ethanol before drying under static vacuum prior to use.
5.2 Rh@NAC Characterization
To fully characterize the properties of NAC@Rh, various characterizations were performed.
NMR measurements were recorded on a Bruker AV300 system using a 5 mm broadband probe
for high field PASADENA PHIP experiments (HEA and neurine) as well as all 1H and 13C
T 1 measurements. A Bruker AV600 system with a broadband probe was used to measure
the ALTADENA and field cycling experiments of VA, as well as the T 1 value of
15N on
NETMA. Thermogravimetric analysis (TGA) of nanoparticle ligand coverage was measured
using a Perkin Elmer Pyris Diamond TG/DTA in alumina pans spanning from 30◦C to
825◦C under argon flow at 5◦C/min. Transmission electron microscopy was performed using
an FEI Tecnai T12 microscope after suspension of nanoparticles in MilliQ water and drying
on carbon substrate grids treated with plasma cleaning for 20 seconds before preparation.
X-ray photoemission spectroscopy (XPS) studies were carried out on a Kratos AXIS Ultra
DLD X-ray photoelectron spectrometer with a monochromatic Al Kα X-ray source operating
at 10 mA and 15 kV. Centrifugation was performed on a Beckman Avanti J-25 using a JA-14
rotor. Inert chemistry was conducted using standard Schlenk technique under nitrogen flow.
To confirm the NAC coordination to the Rh surface, 1H NMR was performed on NAC and
NAC@Rh suspended in D2O shown in Figure 5.3a) and b), respectively. Following synthesis
and fractionation, the stable NAC@Rh colloid maintains a tight coordination between the
soft acid (Rh) affinity for soft base (-SH and -NH2) groups, as seen previously for Pd particles
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Figure 5.3: Reactor scheme for production of 15N polarization on the choline derivative
NETMA. Reprinted with permissions from Wiley [MKM18].
[MGE17]. This creates helps disperse NAC@Rh in solution as well as guide pairwise addition
during PHIP.
Due to the importance of understanding ligand-metal interactions and the role of the
ligand in pairwise para-H2 addition, TGA was performed to approximate the percentage
of organic ligand coordinated to the surface of NAC@Rh. As a temperature ramp is ap-
plied, organic components decompose and a final ligand %w/w can be assessed, forming an
argument for the observed polarization.
Once the heterogenerous nature of NAC@Rh was confirmed, an assessment of their size
and morphology was obtained by TEM. 294 particles of NAC@Rh were chosen at random
and compiled into the size distributions shown in Figure 5.5a). An average particle size of
2.4 ± 0.4 nm was determined. Deviations were calculated from the Gaussian fits shown in
Figure 5.5).
To better understand the surface environment in which the NAC is coordinated to the
Rh, XPS measurements were performed on a Kratos AXIS Ultra DLD X-ray photoelectron
spectrometer with a monochromatic Al Kα X-ray source operating at 10 mA and 15 kV
using the neutralizer. Survey spectra and individual high-resolution spectra were collected
using pass energies of 160 eV and 20 eV, respectively. Data processing was performed
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Figure 5.4: Curve showing NAC@Rh mass from 30◦C to 825◦C at 5◦C/min under argon
flow. Ligand decomposition reveals a final Rh mass of approximately 65% by sample weight.
Reprinted with permissions from Wiley [MKM18].
using CasaXPS 2.3 software, and spectral binding energies were calibrated by assigning the
hydrocarbon peak in the C 1s high-resolution spectra, as a result of adventitious carbon, to
284.6 eV. Catalytically active Rh0 as well as contributions from ligands such as C, S, O, and
N are represented in the survey spectrum (Figure 5.6). Rhodium oxide formation present is
attributable to air atmosphere during sample preparation.
To confirm that there is no ion shedding during synthesis, inductively coupled plasma
mass spectrometry (ICP-MS) analysis was performed to detect Rh content from supernatant.
The nanoparticle suspension was prepared at 0.9 mg/mL in MilliQ water and centrifuged
at 516,245xg for 5 hrs. The supernatant of each sample transferred to clean tubes (SC475,
Environmental Express) for acid digestion. Digestion was carried out with a mixture of
concentrated HNO3 (65-70%, Trace Metal Grade, Fisher Scientific) and HCl (35-38%, Trace
Metal Grade, Fisher Scientific) in a ratio of 1:3 with a supplement of H2O2 (30%, Certified
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Figure 5.5: a) Image of NAC@Rh particles taken by TEM following dispersion in MilliQ wa-
ter. b) Plot of particle diameters after counting to determine average particle size. Reprinted
with permissions from Wiley [MKM18].
318 315 312 309 306
400
600
800
1000
1200
1400
1600
Rh 5/2
Rh 3/2
Rh 5/2
 oxide
CP
S
Binding Energy (eV)
Rh 3/2
 oxide
1200 1000 800 600 400 200 0
0
1000
2000
3000
4000
5000
6000
S 2
p
Rh
 4
p
Na
 2
s
B 
1sS 2
s
C 
1s
Rh
 3
d
O 
1s
N 
1s
O 
KL
LCP
S
Binding Energy (eV)
Na
 1
s
Rh
 3
p
a) b)
Figure 5.6: a) XPS survey spectrum of NAC@Rh showing contributions of NAC coordinated
to the surface and b) Rh3/2 and Rh5/2 peaks corresponding to metal surface of the NAC@Rh.
Reprinted with permissions from Wiley [MKM18].
ACS, Fisher Scientific) at 95 ◦C for 6 hrs in a HotBlock (SC100, Environmental Express).
Once the sample was cooled to room temperature, it was subsequently diluted to make a final
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volume of 50 mL by adding filtered DI water. DI water in the absence of NAC@Rh was also
digested for reagent blank. The Rh content was quantified using an ICP-MS (NexION 2000,
PerkinElmer, USA) and a calibration curve was established using a standard Rh solution
(AccuStandard, 10 µg/mL in 10% HCl). Each sample and standard was analyzed in triplicate
with background correction. This confirms the heterogeneous nature of NAC@Rh and its
lack of metal leaching into solution.
5.3 Production of 1H Polarization Using NAC@Rh
To achieve high 13C and 15N polarization via PHIP, high 1H polarization must first be gen-
erated and then transferred by RF pulse or other methods. After the successful synthesis of
NAC@Rh, 1H PHIP experiments were performed to assess the %P1H possible during the pro-
duction of NETMA, HEP and EA. High field experiments were performed in a Bruker AV300
NMR Spectrometer at 7 T. NAC@Rh particles were suspended in D2O at 0.5 mg/mL after
determining that this produced the highest polarization along with precursor compounds
(HEA and neurine) at 1 mM and degassed prior to experiments by N2 bubbling. Samples
were then pressurized with N2 to 6 bar while equilibrating to 80
◦C inside the magnet. Para-
H2 was then bubbled through samples at 6.5 bar for 12 seconds achieving full conversion
before a 80◦C 1H pulse was applied under PASADENA conditions [BW87]. For EA, exper-
iments were performed on a Bruker AV600 NMR spectrometer operating at 14.1 T under
ALTADENA [PW88] conditions as previously reported [MGE17].
Immediately following production of NETMA from the isotope-labeled precursor d12-
15N-
neurine, a %P1H of 5.4 ± 0.6% is observed shown in Figure 5.7. This represents the highest
recorded 1H polarization in pure aqueous HET-PHIP, and provides more than sufficient
polarization to work with during transfer to 15N. This also indicates that NAC@Rh provides
an appropriate surface for significant pairwise addition of para-H2 during hydrogenation.
To demonstrate broad application to previous work, assessment of 1H was also per-
formed for HEP using an isotope-enriched precursor, 1-13C-hydroxyethyl acrylate-d3. Upon
formation of isotope labeled HEP, a %P1H of 3.2 ± 0.3 is observed and shown in Fig-
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Figure 5.7: a) Single scan 1H spectrum of NETMA following para-H2 bubbling. b)
1H
spectrum of thermally polarized HEP after 16 scans. 1H-2H interactions contribute to line
broadening of product 1H peaks. Reprinted with permissions from Wiley [MKM18].
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Figure 5.8: a) Single scan 1H spectrum of HEP following para-H2 bubbling. b)
1H spectrum
of thermally polarized HEP after 16 scans. Reprinted with permissions from Wiley [MKM18].
ure 5.9, representing a 2.67x improvement over previously reported values in aqueous HET-
PHIP [MGE17].
Since MFC experiments required a different experimental setup, 1H polarization assess-
ment of EA formation was also performed using natural abundance material to better assess
polarization efficiencies between the methods. Upon formation of EA, a %P1H of 2.1 ± 0.3
was observed.
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Figure 5.9: a) Single scan 1H spectrum of HEP following para-H2 bubbling. b)
1H spectrum
of thermally polarized HEP after 16 scans. Reprinted with permissions from Wiley [MKM18].
5.4 ESOTHERIC Pulse for HET-PHIP 15N
After significant 1H polarization was observed following neurine hydrogenation with NAC@Rh,
a recently demonstrated heteronuclear transfer sequence, titled ESOTHERIC [KYM18] was
employed for polarization transfer to 15N. This sequence is well-suited for NETMA as it is
able to transfer the nascent para-H2 longitudinal two-spin order into observable in-phase
heteronuclear magnetization in weakly coupled spin systems [KYM18]. This is the first
reported method for achieving high 15N hyperpolarization via pulse transfer with aqueous
PHIP [TTC14]. The relevant precursors and products used in this work as well as the
relevant J-couplings are shown in Figure 5.10.
The advantage of using ESOTHERIC is that in weakly coupled systems (meaning inside
of a high field magnet) with asymmetric couplings, near-unity spin order transfer (SOT) is
possible to transfer from nascent protons to a target nucleus such as 15N. This is achievable
in certain scenarios at lower field (such as by Goldman sequence, Section 3.4.2), but high
field pulses such as PH-INEPT+ begin with a 45◦ pulse. If you consider an initial two-spin
longitudinal spin order (I1zI2z), then following a pulse of angle β, the spin order evolves into
the following:
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Figure 5.10: Reaction mechanisms of HEA, neurine, and VA hydrogenation. JAA‘, JAX,
and JA‘X values are considered in polarization transfer strategy from
1H to 13C and 15N.
Reprinted with permissions from Wiley [MKM18].
I1zI2z cos
2 β + I1xI2x sin
2 β + (I1xI2y + I1yI2x)[sin(2β)]/2 (5.1)
from which it is seen that a 45◦ pulse is used to maximize observable signal, but only
represents half of the polarization being transferred. The ESOTHERIC pulse utilizes a 90◦
pulse at the beginning which makes the maximal spin order available to transfer. Previous
simulations [KYM18] have shown that the transfer is most efficient if the absolute difference
in J -couplings between both protons and the target heteronucleus (e.g. JAX and JA‘X where
X=13C or 15N) is large. For HEP and EA, these two couplings are fairly close in which
case the efficiency of ESOTHERIC is predicted to drop to 50% [KYM18], where as NETMA
represents an asymmetric system well-suited for ESOTHERIC. Polarization can also be
stored along the z-axis after transfer from 1H to 13C or 15N by an additional 90◦x pulse
such that samples can undergo cleavage or filtering processes before pure final product is
observed [KMG17].
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Figure 5.11: a) Pulse diagram using ESOTHERIC used for 15N polarization. Reprinted with
permissions from Wiley [MKM18].
5.5 Production of 15N Hyperpolarization on d12-
15N-NETMA
ESOTHERIC was applied to NETMA immediately following hydrogenation with para-H2
using timings ∆A = ∆C = 172.4 ms and ∆B = 83 ms corresponding to the couplings JAA‘ =
6.0 Hz, JAX = -0.5 Hz, and JA‘X = 2.93 Hz. This produced a %P15N = 12.2 ± 2.7, a 186x im-
provement over previous %P15N with NETMA [BKB17], and a 12.5x improvement over the
previously highest recorded 15N PHIP of 15N-propargylcholine using a homogeneous catalyst.
This is also significant due to the fact that nitrogen groups are excellent electron donors to
transition metals, homogeneous catalysts often undergo rapid degradation as alkenes are out-
competed by nitrogen groups forming inactive complexes. Upon investigation of NETMA for-
mation using 5mM homogeneous Rh[1,4-Bis(diphenylphosphino]butane)(cyclooctadiene)BF4
catalyst, less than 1% 1H polarization is observed along with discolored precipitate form-
ing in reaction tubes. Despite generally higher turnover frequency (TOF), a measurement
of hydrogenation rate, homogeneous complexes are unable to polarize 15N efficiently, as is
evidenced by unprecedented 1H polarization of an unprotected amino acid recently reported
with a heterogeneous catalyst [MGE17]. Polarization was calculated as shown in Section 3.5.
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Figure 5.12: 15N spectra showing a single 90◦ scan of 1 mM hyperpolarized NETMA (red)
after application of ESOTHERIC. A single scan of 2 M 15N2-urea used as a reference is
shown with vertical scaling. Reprinted with permissions from Wiley [MKM18].
Excellent advances have been made with efficient 15N polarization using the PHIP vari-
ants SABRE and SABRE-SHEATH; however, these methods are relatively new and have thus
far been used to investigate compounds with subclinical 15N polarizations in water [CEL17b]
or optimization in organic solvents [BSC16,SBC16c], with relatively limited development of
heterogeneous catalysts [SCW14b, SCW15, KKG17]. Methods of capturing homogeneous
SABRE catalyst have been proposed, but are not yet established for broader in vivo appli-
cation [BKL18]. SABRE has also been largely limited to nitrogeneous ring systems such as
imidazole and pyridine derivatives due to its mechanism of polarization, limiting its appli-
cations thus far to select biological probe candidates [BSC16, IRD18].
This result also demonstrates the application of ESOTHERIC, a pulse sequence previ-
ously only applied to 13C systems. Currently, no transfer pulse exists for liquid state HET-
PHIP onto 15N, as previous investigations were performed using MFC [BKB17,RVE12]. The
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nearly 100% spin order transfer capability of ESOTHERIC opens capabilities to further pur-
sue biological compounds after high 15N polarization can be generated. This also represents
the first demonstration of clinically accessible 15N hyperpolarization on levels competitive
with d-DNP.
5.6 High 13C Polarization of d3-
13C-HEP and EA
To demonstrate the effectiveness of NAC@Rh in aqueous PHIP with respect to prior work,
13C hyperpolarization in two compounds is investigated: the deuterated angiography contrast
agent 1-13C-hydroxyethyl propionate-d3 (HEP) [BHL05b, GJA05, SBS17] and the metabo-
lite derivative ethyl acetate (EA) upon hydrogenation of their respective precursors 1-13C-
hydroxyethyl acrylate-d3 (HEA) and vinyl acetate (VA) with natural abundance
13C. En-
hancement of 13C on HEP is observed upon transfer of nascent proton polarization to carbon
via PH-INEPT+, a well-established polarization transfer pulse sequence for PHIP [SE83]
(Section 3.4.1). Polarization transfer from 1H to 13C after (para)-hydrogenation of VA into
EA via field cycling between B0∼50 µT (Earth magnetic field) and B0 <0.1 µT inside a
µ-metal chamber is also demonstrated. Unsaturated sidearm groups on acetate derivatives
can be cleaved following polarization transfer to produce pure acetate [RBA15], a metabolite
currently used in metabolic imaging [FLF15].
Upon application of PH-INEPT+ to HEP, a %P13C of 3.2 ± 0.3, representing a 2.67x
improvement over previous aqueous HET-PHIP records [MGE17]. This represents the first
production of 13C polarization above the estimated 2% polarization needed for in vivo inves-
tigations observed in recent work [ZCS11]. Direct comparison of EA 13C by MFC shows a
%P13C of 1.3 ± 0.2, representing a 6.5x improvement over previously reported EA 13C. This
material was also natural abundance 13C (1.1%), meaning that significant optimization by
isotope labelling is possiblefor future work. These results attest to the high performance of
NAC@Rh for a variety of aqueous HET-PHIP substrate and pulse applications.
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Figure 5.13: a) Single scan 13C spectrum of 1 mM HEP immediately following para-H2
bubbling using PH-INEPT+. Timings shown displayed in Figure 3.7 of t1 = 69.8 ms and t2
= 38.9 ms for HEP, consistent with previous work [SBS17]. A single 90◦ scan of 100 mM
1-13C-pyruvate used as a reference is also shown (blue). b) Single 90◦ scan 13C spectrum of
1 mM EA immediately following para-H2 pressurization transport in and out of a µ-metal
chamber (see Figure 3.9). Optimal transport times were found at < 1s into zero field and
5 s to draw out, consistent with previous work [MGE17]. A thermal spectrum of the EA
sample taken after 512 90◦ scans waiting 5×T 1 between scans. Reprinted with permissions
from Wiley [MKM18].
5.7 T 1 Relaxation of NETMA, HEP and EA
As previously mentioned, one of the largest advantages of pursuing 15N is its notoriously
long T 1 relaxation time through which hyperpolarized signal fades, often posing limitation
to the reach of hyperpolarization. The low γ and natural abundance of 15N makes direct
measurements of T 1 often troublesome, though T 1 relaxations exceeding 10 minutes are
common in certain 15N species. A recent SABRE investigation showed a T 1 of 23 minutes
on a diazirine moeity capable of use as a molecular tag [TOL16]. Compounds in which a
15N site forms a quaternary complex with 2JNH and
3JNH protons replaced with deuterons
such as NETMA are particularly shielded by dipolar interactions and proton exchanges and
thus likely to display long T 1 times. Initial
15N PHIP work reported a T 1 of 493 s at 9.4 T,
though this procedure is a crude estimate formed by uncompensated 10◦ pulses of hyperpo-
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larized peaks with modest enhancement [BKB17]. To assess the workable timeframe of 15N
hyperpolarization on NETMA, investigations of T 1 using proton-coupled inversion recov-
ery expriments were performed (see Figure 1.10) which allow direct and well-characterized
methods of detection. Because inert atmosphere is known to prolong observed T 1 due to
removal of paramagnetic O2, inversion recovery experiments were also performed in oxy-
genated solvent to better assess the expected lifetime of signals once they are mixed with
oxygenated blood in in vivo settings. HEA, EA, and neurine were each suspended in D2O
and hydrogenated to completion using a Pd/C catalyst and filtered multiple times before
creating inert solvent conditions by freeze-pump-thaw, or as oxygenated.
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Figure 5.14: Inversion recovery plot of NETMA 15N in D2O yielding 21.0 ± 0.4 min and 16.7
± 0.2 min longitudinal relaxation (T 1) under inert (N2, blue) and air atmospheres (red),
respectively. Reprinted with permissions from Wiley [MKM18].
The results of these experiments for NETMA are displayed in Figure 5.14. Inert inves-
tigation reveals a T 1 of 1259 ± 22 s (21.0 ± 0.4 min), while oxygenated conditions show
only a slight drop to 1003 ± 10 s (16.7 ± 0.2 min). This represents one of the longest
observed T 1s of any nucleus hyperpolarized by parahydrogen, allowing a system where large
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15N polarization can be generated, then separated from the catalyst and injected while still
retaining over 50% of its original intensity after 14 min, a substantial benefit for medical
translation. Since NETMA is a derivative of choline and representative of a broad category
of biological signalling molecules, this opens up a strategy of highly polarized spins with
an order of magnitude longer lifetime than current 13C benchmarks (1-13C-pyruvate, T 1 of
∼47-65s dependent on B0 [CMH13]), and establishes new possibilities in terms of survivable
image, resolution, catalyst separation, binding kinetics after injection, and others. Inversion
recovery experiments of NETMA 1H reveal T 1s of 11.7 ± 1.2 s (methylene) and 22.5 ±
2.4 s (methyl) shown in Table 5.1 suggesting a relatively unhindered nuclear environment
surrounding the 15N, and can also assist in the accumulation of high polarization as pro-
ton polarization can be built up while bubbling para-H2 with minimal loss to %P1H before
transfer to 15N.
Inversion experiments performed on HEP and EA were also performed using proton-
decoupled inversion recovery pulses on 13C. The T 1 observed for HEP was found to be 55.6
± 5.6 s, and for EA, 65.2 ± 0.4 s at 7 T, roughly consistent with previous values [SBS17].
These values, along with 1H T 1 values, are presented in Table 5.1.
5.8 Turnover Frequency (TOF) Measurements
TOF measurements were performed to assess the catalyic efficacy for each contrast agent in-
vestigated. Similar to previous work with NAC@Pd (see Section 4.6), solutions of NAC@Rh
and relevant substrates were prepared and conversion was monitored by 1H NMR while
bubbling H2 at 80
◦C under ambient pressure N2, which can be considered less aggressive
conditions than 6.5 bar H2 at 90
◦C during PHIP investigations. Since Rh crystallizes in a
face-centered cubic (fcc) arrangement [FMH05]: and TEM images confirm a nearly spherical
geometry, a cubo-octahedral structure can be used in TOF determinations [VH69]. Under
these conditions, NAC@Rh displayed TOFs of 71.8 h−1, 51.3 h−1 and 44.9 h−1 for produc-
tion of HEP, EA, and NETMA respectively from their precursors, displayed along with other
characterstics in Table 5.1. For HEP, this represents 1.67-fold and 3.31-fold improvement
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over previous NAC@Pd and LCys@Pd catalyst systems respectively under identical exper-
imental conditions. This also represents the ability to generate 5.52 mM of HEP, 3.44 mM
NETMA and 3.94 mM ethyl acetate in the 15s required to hydrogenate using a small parahy-
drogen volume in an NMR tube, yielding higher throughput during relaxation timeframes
and offering more apply transfer polarization methodologies.
NETMA HEP EA
Method ESOTHERIC PH-INEPT+ Magnetic Field Cycling
1H T 1 [s] 11.7 ± 1.2, 22.5 ± 2.4 5.0 ± 0.5 5.0 ± 0.7
1H Pol. [%] 5.4 ± 0.6 3.2 ± 0.3 2.1 ± 0.3
13C/ 15N T 1 [s] 1259 ± 22[a] 55.6 ± 5.6 65.2 ± 0.4
13C/ 15N Pol. [%] 12.2 ± 2.7 3.2 ± 0.2 1.3 ± 0.2[a]
TOF [h−1] 44.9 71.8 51.3
Table 5.1: Product properties and enhancements with NAC@Rh measured at 7 T, or at 14.1
T marked with [a]. Reprinted with permissions from Wiley [MKM18].
Overall, this work represents a significant advancement in the biomedical translation of
PHIP. Heterogeneous catalysts in water are highly sought in PHIP experiments because
they enable separation of the nascent hyperpolarized products, eliminating toxicity concerns
regarding the injection of harmful materials into human patients [KBS16]. Unprecedented
15N polarization of NETMA in water along with benchmark 13C enhancements on HEP and
EA demonstrates NAC@Rh as a promising catalytic system for aqueous PHIP. The wide
variety of probe strategies and delivery designs possible due to extending signal lifetimes to
this extent may assist in bridging the gap into clinical use. This work is the first step in
making in vivo 15N PHIP [BHL05b,MJM07,IEK07,BCR11,ZCS11,SBS17,SBB18] accessible
for human use. As surface ligand interactions are better optimized, achievable polarizations
of slow-relaxing nuclei such as 13C and 15N increase as well. These stabilized metal catalytic
systems are conducive to catalyst removal and clean bio-compatible product solutions ready
for injection.
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CHAPTER 6
Conclusion
6.1 Catalyst Separation
Throughout the development of aqueous HET-PHIP catalysts in Chapters 3, 4 and 5, the pri-
mary motivation has been to achieve a separable, biocompatible catalyst system for biological
applications. Although heterogeneous catalysts inherently achieve this goal by differences in
their physical nature relative to the reaction mixture, there are additional requirements for
use in PHIP. As discussed in earlier sections, even long relaxations such as that found in 15N
require a catalyst immediately separable to allow sufficient signal to remain after injection
and relevant metabolism. While most of the efforts outlined in this work seek to demonstrate
and optimize ligand-metal interactions on the surface of a heterogeneous catalyst, the small
size (<3 nm) of these colloids prevent their retention in essentially all current mechanical
filters, at least in reasonable timeframes. Rapid and efficient separation of these catalysts,
essentially the last significant boundary to implementing 15N PHIP in living systems, has
not yet been optimized.
One option has been to form particles such as NAC@Rh in such a way that they are
immobilized onto a surface. They could be synthesized using a ligand which binds to both
the particle and covalently to a large, inert material such as SiO2 or a latex bead which
could be filtered. This has been done in gas-phase PHIP by directly binding Wilkinson’s
catalyst derivatives to scaffold materials [KBS14, BKB07, BBA08]. Another option is the
impregnation of support structure materials with metals which can anneal and form po-
tentially porous catalyst structures with enough exposure to reactants to undergo robust
catalysis. This technique has been used extensively in gas-phase with select demonstrations
in liquids [KBS16, BKB17]. This approach produces separable bead structures which can
undergo rapid conversion, however these catalysts have yet to achieve clinically relavant
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polarizations. Despite strong evidence that crystal lattice structure and orientation alone
can improve polarization [ZMX17, ZZC15], organic ligand cannot survive most annealing
processes and cannot assist in pairwise addition.
Recent works have shown that filtration over functionalized gels are capable of signifi-
cantly reducing homogeneous catalyst used in SABRE down to parts per billion levels follow-
ing solvent extraction [BKL18]. This approach works via interactions of functionalized sulfur
on the surface of silica gel with transition metal sites inside of the catalyst. Phase extrac-
tion efforts have recently been demonstrated in vivo [CCS18], though this step complicates
automated polarizer setups.
Figure 6.1: Images of elution fractions taken immediately after filtration (left) under low pH
conditions and following the addition of high pH water (right). 1H NMR confirms that all
detectable choline is contained in the first 2 mL, while ICP-MS confirms that no Pd ions are
present in solution (detectable to ≤1 parts per trillion).
Recently, our group has developed a straightforward, single step filtration protocol. By
using simple alumina gel under relatively acidic conditions (pH = 2.5), we have shown that
dissolved choline can be rapidly passed through a column bed and collected in pure aqueous
solution in under one minute, while both NAC@Pd and NAC@Rh catalysts are retained
in the packed gel bed. Since choline is representative of branched nitrogen compounds
found in biological systems likely to yield long-lived T 1 values, this indicates that target
15N
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compounds can easily be separated from liganded catalysts easily in a manner conducive to
custom polarizers or flow setups. The addition of packed commercial alumina gel into the
ejection path of a reactor is trivial, and introduces delays short enough that specialized 13C
investigations may still be possible in some cases. Upon addition of alkaline MilliQ water
to the packed bed (pH = 10.5), elution of the particles off of the column was achieved and
could be used for recycling of the catalyst or raw metal materials.
Collections of the choline-containing and NAC@Pd elutions shown in Figure 6.1 were
testing by ICP-MS similar to Section 5.2. Briefly, the elutions were transferred into clean
tubes (SC475, Environmental Express) for acid digestion in a mixture of concentrated HNO3
(65-70%, Trace Metal Grade, Fisher Scientific) and HCl (35-38%, Trace Metal Grade, Fisher
Scientific) in a ratio of 1:3 with a supplement of H2O2 (30%, Certified ACS, Fisher Scientific)
at 95 ◦C for 6 hrs in a HotBlock (SC100, Environmental Express). Once the samples were
cooled to room temperature,they were subsequently diluted to a final volume of 50 mL
by adding filtered DI water. DI water in the absence of NAC@Rh or NAC@Pd was also
digested for reagent blank. The Pd and Rh contents were quantified using an ICP-MS
(NexION 2000, PerkinElmer, USA) and calibration curves were established using standard
solutions (AccuStandard, 10 µg/mL in 10% HCl). Each sample and standard was analyzed
in triplicate with background correction, detecting no ions present.
This demonstration provides a bridge to overcome the last significant boundary to biolog-
ical systems: separation. Integration into polarizers could allow for biocompatible delivery
of pure imaging probes with minimal loss of signal to a long-lived 15N system. Further inves-
tigation of filtration materials could optimize this process further and evolve into high field
methods for application of ESOTHERIC pulses or other methods.
6.2 Closing Remarks
The research presented in this work demonstrates a mechanism of producing clinically rele-
vant hyperpolarization under conditions accessible by clinicians and molecular pharmacolo-
gists for further development. The development from liquid PHIP catalysts to heterogeneous
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structures has been iterative as shown in previous chapters. There is much work needed to
identify and produce molecular probe precursors, streamline biocompatible polarizers, and
verify utility using animal models. The current state of this technology, however, is a demon-
strated catalyst and methodology to bridge the gap from investigatory spectroscopy to living
systems.
Much of this work has been providing context for the developments described. In Chapter
1, the basic mechanisms of magnetic resonance are explored, as well as the production of
signal and its inherent limitations. Chapter 2 outlines the different approaches which have
been taken in hyperpolarization, and how their strengths and weaknesses compare at this
point in time. The hope in this explanation is to outline that many strategies are being
used to overcome limitations in magnetic resonance and that they have evolved at different
rates. Chapter 3 aims to expand on early PHIP work including early generations of catalysts
and reactors. Optimizing a new technology, even one previously demonstrated, for a new
application can truly be a great task with many moving parts and the contributions of many
great minds with a common purpose. This chapter also outlines the narrative from organic,
homogeneous catalyst to some of the first Pt nanoparticles shown in liquid state, and some
of the methods used to understand their mechanisms. Chapters 4 and 5 describe in detail
the evolution of aqueous HET-PHIP from modest, proof-of-concept 1H demonstrations to
long-lived polarizations exceeding 12%.
There is no doubt that the unlocking of a robust HET-PHIP catalyst in water has trans-
lation into medicine and basic science. Demonstration of this type of catalyst in water has
been heralded as a “holy grail” [SCW12a] and similar aspirations since liquid state PHIP
began to flourish. Even without medical translation in mind, the potential benefit of inves-
tigating intermediate catalytic species or perhaps the structure or kinetic events of larger,
three dimensional structures such as proteins via PHIP labelling has immense benefit to the
scientific community. This endeavor involves the overcoming of many unfortunate obstacles -
poor H2 solubility in water creating low TOF rates, poor coordination of catalyst complexes
in water, separability of catalysts and others. Many groups have approached this problem
in many different ways, resulting in a rich scientific community from all over the world in-
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novating different technologies to offer. In addition to its interdisciplinary nature, this field
has moved quickly. The privilege of watching a field bridge into exciting applications has
been quite rewarding.
In conclusion, the compilation of this work is intended not just to detail certain projects
taking place in our group, but instead to inspire future work in hyperpolarization develop-
ment. The body of this work, through various collaborations both locally and internationally,
provided an environment in which contributions from many diverse backgrounds could pro-
duce exciting technology with high potential to improve the human condition. One can only
hope that future research efforts can cultivate the rewarding environment of technical growth
and purpose that these works have.
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